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ABSTRACT 
 
Seven [Pt(tpy)X]Y (X=Cl, Y=Cl2H2O, X=Cl, Y=ClDMSO, X=Cl, Y=PF6, 
X=Cl, Y=SbF6, X=Cl, Y=SbF6CH3CN, X=Br, Y= Br2H2O, and X=Br, Y=PF6) 
complexes were prepared and characterized. Structural analysis shows 
consistent patterns in Pt…Pt interactions that vary slightly depending on the 
coordinating halogen, X, counteranion, Y, and lattice solvent. Diffuse reflectance 
was used to identify solid-state 1MMLCT absorption bands, and the relationship 
between Pt-Pt distance and 1MMLCT absorption energy will be discussed.  
 Metallophilic Pt…Au interactions in [Pt(tpy)X][AuX’2] (X=X’=CN, X=Cl, 
X’=C6F5, X=Br, X’=C6F5, X=I, X’=C6F5) double salts were investigated. Structural 
characterization showed Pt…Au metallophilic interactions were only observed in 
  x 
X=X’=CN, while Pt…Pt interactions were observed in X=I, X’=C6F5. The closest 
contacts in X=Cl, X’=C6F5 and X=Br, X’=C6F5 were between the Lewis acidic Pt 
center of the cation and a Lewis basic ortho carbon of the pentafluorophenyl 
group on the anion. Photophysical characterization showed MMLCT features in 
the solid-state but only monomeric MLCT features localized on the [Pt]+ and [Au]- 
units in solution.  
The chromophore [Pt(tpy)(CCPh)]+ was studied in [Pt][Au(C6F5)2] and 
[Pt][Pt(C^N)(CN)2] (C^N = ppy, F2ppy, or bzq) double salts. Structural 
characterization showed formation of a channel of [Pt(tpy)(CCPh)]+ moieties 
supported by metallophilic interactions in [Pt][Au(C6F5)2] and [Pt][Pt(F2ppy)(CN)2]. 
Solution electronic absorption spectra showed MLCT features centered on the 
cation and anion units for all four complexes. An additional 1MMLCT band near 
520 nm is present in the solid-state arising from Pt…Pt interactions formed 
between cation units.  
Three [Pt(tpy)Cl][Pt(C^N)(CN)2] (C^N = ppy, F2ppy, and bzq) double salts 
were prepared and characterized. A new solution MMLCT feature was identified 
for all three double salts using UV-vis and fluorescence spectroscopy. Support of 
solution cation and anion association using solution conductivity and dynamic 
light scattering measurements will be discussed.  
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Chapter 1. Photophysics of PtII polyimine chromophores and evaluation of 
their utility to harvest light in dye-sensitized solar cell devices  
2 
 
1.1 Energy forecast 
 We must now face the consequences of our reliance on fossil fuels for 
powering our lifestyles. As the world’s population grows, billions of new 
consumers will be added to our global energy consumption market. The 
international energy outlook report of 2011 predicts a 53% increase in energy 
consumption from 2008 to 2035 from 16.882 terawatts (TW) to 25.741 TW.12 The 
breakdown of energy consumption by source is 33.2% oil, 28.2% coal, 22.3% 
natural gas, 5.4% nuclear, and 10.9% renewables. Our combined oil dependence 
amounts to approximately 86 million barrels of oil used per day.12  
 An undesired consequence of our oil, coal, and natural gas consumption, 
CO2 emissions are also on the rise with 31.7 billion metric tons produced in 2011 
and 43.2 predicted for 2035.12 To prevent disastrous anthropogenic climate 
disturbance, by the year 2050, at least 10 TW of our energy consumption must 
come from carbon neutral energy sources.13, 14 The pursuit of this goal has been 
termed the terawatt challenge.15 Besides fusion16, renewable energy sources are 
an ideal solution to this 10 TW challenge. Solar energy alone could meet this 
challenge with 120000 TW of energy radiating the earth in one hour.17 
Harnessing this energy and converting it to a useful form however, remains a 
challenge.  
 
1.2 Photovoltaics 
 Mother Nature converts solar energy into chemical energy via 
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photosynthesis. In the first step, a light-dependent reaction, photons are 
absorbed by antennae proteins containing multiple chromophore domains, and in 
a complex chain of bifurcating steps, H2O is split into its oxidizing (O2) and 
reducing (H2 in the form of NADPH) components via photosystem II and I (PSII 
and PSI), components respectively. In the second step, a dark reaction, NADPH 
enters the Calvin cycle where its reducing equivalents are used for the 
biosynthesis of carbohydrates from CO2.18, 19 
 Photovoltaic devices convert solar energy into useful, electrical energy.20 
The first two operations of the device are modeled after the light-dependent step 
of photosynthesis. First, an artificial antenna absorbs photons, generating an 
electronically excited state. Second, charge is separated into its oxidizing and 
reducing components or its holes and electrons, respectively. Diverging from 
photosynthesis, in the third step, both holes and electrons are extracted to the 
opposite poles of an external circuit, which generates a voltage bias, such that 
electricity can flow. Construction of these devices requires careful nanoscale 
arrangement of the molecular components involved with close attention paid 
specifically to the desired properties in the processes for which they are 
designed. Bard defines such synergistic molecular engineering as integrated 
chemical systems (ICS).21 Solar cell performances are evaluated by their solar-
to-electrical energy conversion efficiencies, η, which are calculated by dividing 
the power output of the cell, Pm, by the product of the surface area of the device, 
Ac, and the incident irradiance, I0, (Equation 1.1). Conventionally, I0 is set to AM 
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1.5 solar irradiation (1000 W/m2) for standardization.   
                                                     
€ 
η =
Pm
Ac × I0
                                   Equation 1.1 
 
 The iterative design of photovoltaic devices has spawned, so far, the 
development of three different generations of technologies.  The first generation, 
silicon solar cells based on solid-state junctions of highly pure, crystalline Si 
dominates the field with η = 15-20% provided by commercial devices. A major 
drawback to these materials compared to petrochemical combustion is the high 
cost of their manufacturing. Second generation devices are based on thin film 
semiconductor technologies using polycrystalline materials such as copper 
indium gallium diselenide, CuInGaSe2 or CIGS in place of Si. These materials are 
better light absorbers than Si and can be deposited onto large substrates using 
cheaper solution based techniques. CIGS devices are slightly less efficient than 
Si cells and to date have peaked at η = 19.2%22 in a laboratory setting and 
13.5%23 in a module setting. 
 Both 1st and 2nd generation devices are based p-n junctions in which p-type 
and n-type materials meet at an interface, which can only absorb photons having 
energy lower than or equal to their band gap. All photons having energy greater 
than the band gap are lost as heat. Assuming that absorption of a single photon 
generates a single hole and electron pair and treating the cell as a closed 
system, a theoretical thermodynamic upper limit of conversion efficiency of η = 
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32% was determined by Shockley and Queisser for p-n junction solar cells using 
a solar irradiation of 1.5 AM and a cell temperature of 25 °C.24  
 Third generation cells are based on several technologies, some of which 
can potentially overcome this theoretical conversion efficiency limit by harnessing 
more solar energy. These technologies include: 1) tandem cell arrangements of 
cells having different band gaps that absorb different photon energies, 2) 
absorbing materials that generate multiple hole and electron pairs per photon, 3) 
cells that operate at elevated temperature or thermophotovoltaics, and 4) 
multilayer junctions that contain a higher absorber surface area.25 The goal of 
developing third generation devices is to offer electricity at a competitive price by 
increasing the efficiencies while lowering the overall costs.26 In Figure 1.1, the 
solar electricity costs of all generations are compared, in which the theoretical 
efficiency of each generation has been plotted as a function of cost.25, 27 The total 
cost includes material, construction, and installation expenses as of 2009. As can 
be seen in the Figure, the efficiencies of both 1st and 2nd generation devices fall 
below the first gray band, which represents the Shockley-Queisser limit or single 
band gap limit. Comparing the two generations, 1st generation devices are at 
least double the cost of the 2nd generation ones. Third generation devices fall 
below and above the single band gap limit with costs similar to that of the 2nd 
generation devices, making them the most cost efficient. 
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Figure 1.1. Solar electricity cost for first (I, green), second (II, blue), and third (III, 
red) generation photovoltaics.25  
 
1.3 Dye-sensitized solar cells (DSCs) 
One type of multijunction 3rd generation device is the dye-sensitized solar 
cell (DSC).28 A distinguishing feature of the DSC is the separation of the light 
harvesting and charge carrier responsibilities, such that improvements to the 
efficiencies of these steps can be made independently. Originating from the 
laboratory of Michael Grätzel in the 1980s,29-34 the DSC platform is a solution 
photoelectrochemical cell composed of the following components: 1) light 
harvesting dye, 2) semiconducting TiO2 nanoparticles, 3) a transparent 
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conducting electrode, and 4) an electrolyte in an aqueous solution. Shown in 
Figure 1.2 is a generic DSC system. The proposed mechanism of operation is as 
follows: a photon of visible light passes through the transparent conducting glass 
where it is absorbed by a dye molecule. Upon absorption, an electron is excited 
from the dye and transferred to the semiconducting TiO2 nanoparticle (NP). This 
electron transfer and dye oxidation are facilitated by covalent attachment of the 
dye molecule to the surface of the TiO2 NP as demonstrated in the inset of Figure 
1.2. Following transfer to the TiO2 conduction band, the electron is inserted into 
the glass conduction band and into the external circuit. The external circuit 
contains a platinum wire, which accepts this electron and transfers it to a redox 
active electrolyte in the cell. Finally, via passive diffusion, the electrolyte 
effectively shuttles the electron back to the oxidized dye molecule, whereupon 
the dye is re-reduced to its original state, completing the cycle. Overall, no net 
chemistry occurs and a photon of light is converted into electricity. 
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Figure 1.2.  Schematic depiction of a generic dye-sensitized solar cell.28 
 
The efficiency of the device depends on the efficiency of each step involved 
in the e- excitation and transfer. These efficiencies are related to the energy 
levels involved in the electron transfer. The energy profile of the DSC described 
above is shown in Figure 1.3.35 Absorption of a photon by the ground state dye 
molecule (S0) generates an excited state dye molecule (S*). The photoexcited 
dye molecule then injects an electron into the conduction band of the TiO2, and 
the electron travels along the external circuit before it is transferred to I3-, forming 
I- (I3- + 2e-  3I-).  Subsequently, I- is oxidized to I3-, regenerating the ground 
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state dye molecule and completing the cycle.  
 
 
Figure 1.3. Energy level diagram for DSC operations.35  
 
1.4 Dye engineering 
 A conversion efficiency of 10% was achieved using an I-/I3- redox couple, 
TiO2 NPs sensitized with the dye molecule cis-di(thiocyanato)bis(2,2’-bipyridyl-
4,4’-dicarboxylate)ruthenium(II), and a solution of acetonitrile.31 This cell 
composition is the most common pairing based on both its performance (η = 
10%) and photostability.28, 31 A few alternative constructs have been studied 
substituting the iodine redox mediator with a variety of CoII/CoIII electrolytes, 
however their conversion efficiencies only reach 8%.36-38 Most DSC research for 
cell performance improvements has been focused on changing the dye molecule 
with several recent review articles covering the topic.39-41 
 The incident monochromatic photon-to-current conversion efficiency (IPCE), 
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which is often referred to as the external quantum efficiency, is a measurement 
of the number of photo-electrons in the external circuit divided by the number of 
incident photons as a function of the wavelength. This value is dependent on the 
light harvesting efficiency (LHE) of the dye molecule at a specific wavelength (λ), 
the quantum efficiency of charge injection from the excited dye into the 
conduction band of the TiO2 (Φinj), and the electron collection efficiency (ηcoll) 
according to the expression given below in Equation 1.2. 
                                      
€ 
IPCE = LHE(λ) × φinj ×ηcoll                         Equation 1.2 
Improving the IPCE of the cell can be achieved by improving the LHE of the dye 
molecule, which is the fraction of light absorbed by the dye of the DSC and is 
related to both the molar extinction coefficient and surface area of the dye. 
Ideally, all the photons available from the solar irradiance of one sun (AM 1.5, 
Figure 1.442) are harvested by the dye and converted into electric current by the 
cell.  
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Figure 1.4. Solar irradiance of one sun at AM 1.5 as a function of wavelength.42 
 
 Dye molecules that can absorb over a large range of wavelengths with 
moderate to high extinction coefficients are referred to as panchromatic dyes.43 
Designing molecular dyes that can efficiently absorb such a broad spectrum has 
been quite challenging.43 Molecular structures of the top performing RuII dyes 
(N71944, N330, and N74943, respectively) are shown in Scheme 1.1.  
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Scheme 1.1. Molecular structures of panchromatic dyes N719, N3, and N749. 
  
 Dye N3 was used in the DSC described above that gave a high efficiency of 
10%31, and N719 is the doubly-deprotonated derivative of N3.41 Further 
modification of the coordinating ligands in [Ru(bpy)2(NCS)2], N719, to 
[Ru(tpy)(NCS)3], N749, extends the DSC IPCE absorption window 800 nm to 900 
nm (Figure 1.5). The excellent performance of N749 from the visible region to the 
NIR has led to the nickname “black dye.”41 Increasing the IPCE in the NIR region 
led to a high cell conversion efficiency of 11.1%, which is a 1% increase relative 
to the cell sensitized with N3.45 Thus, an extension of the IPCE into the NIR is not 
sufficient to have a significant impact on the overall cell performance. This is 
likely due to the low IPCE, which maximizes near 50%, suggesting that higher 
IPCE values are necessary for dramatic improvements. 
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Figure 1.5. Incident photon to current efficiency plotted as a function of 
wavelength for dyes N749 and N719. Figure used without permission.41  
 
 An enhanced IPCE in the NIR region of the electromagnetic spectrum was 
achieved by decreasing gap between the highest molecular orbital (HOMO) and 
the lowest molecular orbital (LUMO) or HOMO-LUMO gap.41 There are two ways 
to shrink this gap: 1) raise the energy level of the HOMO, or 2) lower the energy 
level of the LUMO. The tuning of these energy levels is limited by the other 
materials in the system because the dye must be able to participate in the e- 
transfer processes of the DSC (Scheme 1.2). Specifically, the photooxidized dye 
must be reduced to the ground state by the I-/I3- couple, meaning the HOMO of 
the dye cannot be raised above the redox potential of the I-/I3- couple. Likewise, 
the photoexcited dye must be able to inject an electron into the conduction band 
of the TiO2 NP, thus the LUMO cannot be lowered below the conduction band of 
the TiO2 NP. 
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Scheme 1.2. HOMO-LUMO limitations of DSC dye molecules.  
 
 
Despite increases in DSC efficiencies to 11%, current devices still fall below 
the single band-gap theoretical value of 32%.26 Though the black dye absorbs a 
broad range of visible light, it is a poor NIR-absorber with IPCE values dropping 
below 50% near 800 nm (Figure 1.5).41 Further Ru-dye engineering has yet to 
offer a system that can compete with the black dye and perform well in the range 
of 800-950 nm. This stagnant state opens new avenues of research for 
alternative dye systems.  
 
1.5 Alternatives to the RuII systems  
When developing alternatives to the RuII systems, the required features of 
the dye must be considered. Foremost, the dye should be panchromatic, 
absorbing strongly both the visible and NIR spectrum. As RuII dyes do not 
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efficiently absorb NIR light, these new dyes particularly need to absorb light more 
efficiently in this region. Additionally, they must be compatible with the operation 
of the device, as shown in Scheme 1.2. Specifically, they should 1) be capable of 
generating excited states upon absorption that are relatively long-lived (τ ≥ ns) to 
facilitate charge transfer into the conduction band of TiO2, 2) be photostable such 
that the dye does not decompose upon prolonged solar irradiation, and 3) 
integrate well with existing DSC components such that charge injection into the 
TiO2 NP from the excited dye and regeneration of the ground-state dye by the I-
/I3- redox couple is still favorable (Scheme 1.2). 
Metal-free dyes have been explored but show much narrower absorption 
compared to RuII dyes.46 Metal dyes are more attractive due to their ability to 
absorb a broader range of the solar radiation spectrum and their ease of 
incorporation into the DSC platform.28 Focusing on less expensive alternatives to 
RuII, a number of CuI-dyes have been investigated. Shown in Scheme 1.3 are the 
structures of the overall best performing CuI-complexes. Utilizing the same metal-
polypyridyl coordination sphere as demonstrated for RuII-dyes, CuI complexes 1 
and 2 (Scheme 1.3) were prepared and used in DSCs as sensitizers.47 However, 
the cell conversion efficiencies obtained from these sensitizers were only η = 
1.9% and 2.2%, respectively, which compared to a 9.7% obtained when dye 
N719 was used in an identical cell.47 The low conversion efficiency for 1 and 2 is 
attributed to their low IPCE values, which maximize at 50% at ~ 450 nm, which is 
compares to an IPCE of 80% for N719 (Figure 1.5). Furthermore, the IPCE 
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window of N719 extends much further into the red (800 nm) than both 1 and 2. 
Though copper-based dyes offer an earth abundant replacement to those based 
on ruthenium, their performances are still poor in comparison with low cell 
conversion efficiencies due to their significantly reduced IPCE values compared 
to Ru-dyes.48  
 
 
  
Scheme 1.3. CuI dyes with highest conversion efficiencies when used in DSCs. 
 
1.6 Platinum…Platinum interactions 
 Moving down and across the periodic table from RuII, a considerable body 
of research has been aimed at preparing suitable PtII chromophores.49 The rich 
coordination chemistry of square planar platinum(II) allows for myriad substitution 
possibilities in developing new dye molecules with tunable HOMO and LUMO 
levels. As early as 190850, platiunum blues were prepared, however, it wasn’t 
until the 1970s51 that these complexes were characterized as partially oxidized Pt 
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oligomers with Pt-Pt bonding.52 The photophysics of platinum polyimine systems 
have only recently been heavily investigated as their potential for use in optical 
devices has been realized.49 Specifically, unlike octahedral ruthenium d6 
complexes, square planar platinum d8 complexes can form metal-metal 
interactions that display unique photophysical properties, as in the case of 
[Pt(bpy)Cl2], which will be discussed in more detail in section 1.8. These metal-
metal interactions, termed metallophilic interactions, are typically identified from 
single crystal X-ray diffraction data and are defined as distances that are less 
than the sum of two Pt van der Waals radii (< 3.5 Å).53, 54 Short Pt…Pt contacts 
are formed through face-to-face stacking of square planar platinum complexes 
that form four possible structural motifs: eclipsed dimer, staggered dimer, zig-
zag, or linear (Scheme 1.4). Both dimer types form pair-wise Pt…Pt interactions 
with long interdimer spacing. The eclipsed and staggered forms are distinguished 
by the number of unique Pt…Pt distances and the Pt-Pt-Pt angles. The zig-zag 
motif is characterized by two or more alternating short Pt…Pt distances, while the 
linear one has a single, short Pt…Pt distance repeats throughout the structure.55  
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Scheme 1.4. Eclipsed dimer, staggered dimer, zig-zag, and linear structures of 
square planar platinum compounds formed by Pt…Pt interactions. 
 
 These Pt…Pt interactions result from interatomic orbital overlap between 
the hybrids of the filled 5dz2 orbitals and empty 6pz orbitals on each Pt center. As 
shown in a generic energy level diagram (Scheme 1.5), two primarily dz2 orbitals 
from monomeric Pt complexes overlap to form an in-phase dσ and out-of-phase 
dσ* combination. Likewise, the primarily 6pz orbitals from each monomer also 
overlap to form an in-phase (pσ) and out-of-phase (pσ*) pair. Since both the dσ 
and dσ* orbitals are fully occupied, a 2-center, 4-electron interaction would result 
in no net energy gain. However, the interaction is stabilized due to the mixing of 
5dz2 character in the 6pσ and 6pσ* orbitals.56 
19 
 
 
Scheme 1.5. Energy level diagram for Pt…Pt interactions between square planar 
platinum complexes.  
 
1.7 Platinum polyimine and cyclometalated-imine coordination modes  
Platinum polyimine chemistry first appeared in the literature in the 1980s 
and has since exploded into a dense field.57-59 The general scaffold of the 
coordination modes that will be discussed in this thesis are presented below in 
Scheme 1.6. First, the bidentate ([Pt(NN)]) and then the tridentate ([Pt(NNN)]) 
polyimine examples will be discussed followed by the cyclometalated-imine 
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examples ([Pt(NNC)], [Pt(NCN)], and [Pt(CNC)]). All five coordination modes 
have been investigated for their optical properties as they often have both 
intraligand charge transfer (ILCT) and metal-to-ligand charge transfer (MLCT) 
bands. In some cases, they also form ligand-to-ligand charge transfer (LLCT) 
bands due to their low-lying π* imine-based LUMOs.49, 57 Furthermore, some 
examples form metallophilic platinum-platinum interactions in the solid-state that 
give rise to NIR metal-metal-to-ligand charge transfer (MMLCT) bands.49, 57 The 
details of these photophysical features and their synthetic tunability will be 
discussed in the sections to follow.   
 
 
Scheme 1.6. Platinum polyimine and cyclometalated-imine coordination modes 
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1.8 [Pt(NN)] complexes 
Through systematic modifications to both the diimine NN ligand and the 
anionic co-ligands of [Pt(NN)X2] complexes, a wide variety of excited states have 
been accessed. These complexes were initially investigated in a collaborative 
effort by Miskowski, Houlding, and Che, who reported an extensive analysis of 
the electronic spectra and photophysics of several [Pt(NN)X2] complexes using 
various bidentate diimine ligands and singly anionic X co-ligands.60, 61 During 
their studies, they found that the red and yellow polymorphs of the complex 
[Pt(bpy)Cl2] (bpy is 2,2’-bipyridine) gave two distinct emission spectra at low 
temperatures. For the yellow form with a Pt…Pt distance of 4.5 Å in which no 
Pt…Pt interactions are present, an emission arising from a d(xy, xz, or yz)→d(x2-
y2) transition was observed. The emission in the red form, in which 
platinum…platinum interactions (Pt…Pt distance = 3.45 Å)62 are present with a 
linear stacking motif (Scheme 1.4), exhibited different photophysical behavior 
from that of the yellow polymorph. A solid-state variable temperature study 
revealed a red-shift in emission upon cooling the sample, suggesting metal 
involvement in the excited state. As the temperature decreased, the Pt-Pt 
separation in the material also decreased due to lattice contraction, giving rise to 
a lower energy emission. This emission was coined an oligomeric emission and 
assigned to a metal-metal-to-ligand charge transfer (3MMLCT), namely from a 
dσ*→π* in which dσ* is the resulting HOMO orbital formed from an overlap of the 
dz2 orbitals of two Pt centers shown in Scheme 1.5.60 Work by the research lab of 
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Gray showed that other [Pt(NN)X2] complexes with pseudo halogen X groups 
also formed linear chains in the solid state.63  
After the initial studies on [Pt(bpy)X2] complexes, additional attention was 
given to [Pt(NN)X2] complexes for their potential use as dyes in DSC devices. 
This research was mainly dominated by ditholate and bisacetylide co-ligand 
derivatives. An example of each is presented in Scheme 1.7 as complexes 31 
and 42, respectively. Both [Pt(NN)X2] families of complexes are emissive in the 
solution state with the dithiolate complexes generally having lower energy 
emissions.49 The excited state of the bisacetylide family is 3MLCT from a 
3Pt(d)→π*diimine. The excited states of the dithiolate family are slightly more 
complex and are assigned to a mixture of 3MLCT (3Pt(d)→π*diimine) and 3LLCT 
(3S(p)→π*diimine).49  
A large body of work by both the Eisenberg1, 49, 59 and Schanze2 groups has 
demonstrated that the excited state for both families can be tuned via 
substitutions at the diimine or co-ligand. Substitution of the t-butyl groups in the 
para position of the bipyridine diiimine ligand for electron-withdrawing groups 
stabilizes the LUMO and lowers the observed emission energy. Conversely, the 
emission energy can be raised when the HOMO is destabilized by adding 
electron-donating groups to the co-ligands (dithiolate and bisacetylide). Arakawa 
and coworkers tested the performance of a few dithiolate complexes in a classic 
DSC and found a maximum conversion efficiency of η = 3% with carboxylate-
functionalized dye 5 (Scheme. 1.7).64  
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Scheme 1.7. Examples of dithiolate (3)1 and bisacetylide (4)2 [Pt(NN)X2] 
complexes along with a dithiolate derivative used in a DSC to give 3% efficiency 
(5).64 
 
In summary, the [Pt(NN)X2] family displays an abundance of photophysical 
activity, including 3MLCT, 3ILCT, and 3LLCT excited states. Additionally, 
differences in monomer and dimeric emissions have also been observed.  An 
energy level diagram is presented below in Scheme 1.8 which identifies the most 
important transitions possible for both a monomer and dimer system for 
[Pt(NN)X2] complexes. Lower energy emissions can be accessed in dimer 
complexes through 3MMLCT transitions relative to monomer complexes in which 
the lowest possible energy emission is 3MLCT based. With such ligand-based 
tunability, PtII complexes are good candidates for HOMO-LUMO gap tuning for 
designing dye molecules that can absorb the NIR region of the solar irradiance 
spectrum presented in Figure 1.4.  
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Scheme 1.8. Energy level diagram with excited state transitions in monomer and 
dimer [Pt(NN)X2] complexes. Figure adapted from Miskowski and Houlding.61 
 
1.9 [Pt(NNN)] complexes 
Switching to a triimine ligand system changes the electronic character of the 
Pt center. As this family is very large, only complexes coordinated to 2,2’;6’,2”-
terpyridine (tpy) will be considered in the introduction to this thesis. Pt-
terpyridine’s wide use has generated enough data to comprise a review by S. D. 
Cummings encompassing synthesis, structure, and reactivity.58  
[Pt(tpy)X]+ was first prepared as [Pt(tpy)Cl]+ by Morgan and Burstall in 
1934.65 However, single X-ray diffraction was not well developed at the time and 
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the complex was largely ignored until the Che group prepared and structurally 
characterized  [Pt(tpy)Cl](CF3SO3)] (6). Complex 6 was found to form head-to-tail 
dimers (Figure 1.16, right) with an intradimer Pt…Pt distance of 3.3285(6) and an 
interdimer Pt...Pt distance of 3.5749(6) Å.3 A couple of years later, the Gray 
research group prepared the same complex and several other [Pt(tpy)Cl]Y 
variants (Y- = PF6 (7), ClO4 (8), and Cl (9), Scheme 1.9).4 A crystal structure of 8 
revealed the same packing motif as 6 with an intradimer Pt-Pt distance of 3.28(1) 
and interdimer Pt-Pt distance of 4.59(1) Å (Scheme 1.9, right).  
All four complexes (6-9) were emissive as solids at room temperature at 
640, 630, 645, and 650 nm, respectively. The emissions were assigned to 
3MMLCT (dσ* to π*(tpy)) based on structural analysis, which revealed pair-wise 
Pt…Pt interactions for 6 and 8. The hypsochromic shift for 6 (640 nm) relative to 
8 (645 nm) was attributed to the longer Pt…Pt separation in the former 
compound.  
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Scheme 1.9. Left: [Pt(tpy)Cl]+Y (Y=CF3SO33 (6), PF6 (7), ClO4 (8), and Cl (9)) 
prepared and electronically characterized by Che and Gray.4 Right: Pair-wise 
cation stacking through Pt…Pt interactions. 
 
Another site for modifications to the [Pt(tpy)X]+ framework is at the X 
position. Substitution of X with various anionic moieties has been very well 
demonstrated by a large number of research groups. The changes in the 
observed luminescence that accompany the substitution of X with simple 
halogens and pseudo-halogens have been discussed in a decade old review by 
McMillin.66 Room temperature, solution emission is observed when X is a either 
pseudohalogen hydroxide (10) or thiocyanide (11, Scheme 1.10),67 whose 
lifetime and energy is solvent dependent, suggesting charge transfer character 
(Table 1.1). The Pt-OH bond length for 10 is shorter than the Pt-Cl distance, 
which McMillin and coworkers attributed to the greater π-donating ability of -OH 
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versus Cl-, and assigned the room temperature emission to a 3MLCT. Based on 
this analysis and similar π-donating ability of the thiocyanide ligand, the emission 
for 11 was also assigned to a 3MLCT. Coordination of a π-donor co-ligand 
destabilizes the Pt dz2 orbital, thus decreasing the HOMO-LUMO gap in the 
[Pt(tpy)X]+ system, favoring 3MLCT emission.  
 
Table 1.1. Emission data for 10 and 11.67 
Complex Solvent λem (nm) τ (ns) 
10 CH3CN 621 170 
10 CH2Cl2 610 2000 
11 CH3CN 588 3.5 
11 CH2Cl2 594 130 
 
Increased electron donation to the Pt center via coordination of a 
phenylacetylide co-ligand (12) gives an even lower energy 3MLCT emission than 
either 10 or 11 at room temperature.68 The greater σ-donating ability of CCPh is 
proposed to have a greater destabilizing effect on the Pt dz2 than the π-donation 
of hydroxide and thiocyanide. An energy level diagram showing the relative 
energies of the HOMO and LUMO orbitals for [Pt(tpy)Cl]+, [Pt(tpy)(OH)]+, and 
[Pt(tpy)(CCPh)]+ is presented in Scheme 1.10. As the electron-donating ability of 
the ligand increases from left to right, the Pt dz2 energy is raised, which results in 
a decrease in the HOMO-LUMO gap and therefore the MLCT transition energy. 
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Scheme 1.10. Energy level diagram of [Pt(tpy)X]+ complexes 10-12.  
 
Extensive alterations to the terpyridine backbone of the [Pt(tpy)Cl]+ system 
have also been made. A comprehensive study by the McMillin group 
demonstrated the photophysical effects of increasing the electron-withdrawing 
character of the tridentate skeleton via further conjugation with phenyl (Ph, 13), 
napthyl (Np, 14), and phenanthrenyl (Ph, 15) groups in the 4’-position ([Pt(tpy-
R)Cl]+ Scheme 1.11).5 All three analogues showed vibronic emissions with three 
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maxima observed per spectrum at room temperature with lifetimes of τ = 0.085, 
16.6 and 21.0 µs, respectively, suggesting that the orbitals involved contained 
some ligand character. The convoluted emission spectra made discrete excited 
state assignments challenging. The energy of the vibronic emissions decreased 
with increasing conjugation from 13-15, suggesting that a stabilized π*(tpy) 
orbital played a role in the excited state. McMillin and others proposed that as the 
energy of the π*(tpy) orbital decreased, excitations from both the tpy-R π orbital 
(ILCT) and Pt dz2 (MLCT) were favored. This shift in π*(tpy) energy for [Pt(tpy-
R)Cl]+ relative to [Pt(tpy)Cl]+ is represented in an energy level diagram below in 
Scheme 1.11. 
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Scheme 1.11. [Pt(tpy-R)Cl]+ complexes5 and energy level diagram showing a 
relative stabilization of the π*(tpy) orbital.  
 
Beginning with Che’s initial examination, the [Pt(tpy)X]+ frame has been 
conceptionally and chemically rebuilt from many different pieces. Replacement of 
halides with π-donating psuedohalides and σ-donating phenylacetylides 
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demonstrated the sensitivity of the excited state to the electron density at the Pt 
center, which led to changes in the emission wavelength from 588 nm in 11 to 
630 nm in 12. Increased conjugation at the 4’ positions led to a decrease in the 
π*(tpy-R) orbital energy, which allowed multiple excited states to be accessed. 
However, unlike its neutral platinum polyiimine relatives, the [Pt(tpy)X]+ system  
also showed sensitivity to the outer-sphere environment with changes in Pt…Pt 
interactions and subsequent MMLCT behavior observed with changing 
counteranion. Overall, each reconstruction of the [Pt(tpy)X]+ frame has also 
modified the photophysical properties of the system. This increased 
understanding can serve to shape future syntheses with molecular designs for 
panchromatic absorption and long-lived excited states used as more efficient 
light harvesters in dye-sensitized solar cells. 
 
1.10 [Pt(NNC)] complexes 
The terpyridine donor atoms are another site for synthetic alterations. 
Exchanging one of the pyridines with a phenyl forms platinum cyclometalated 
diimine complexes (Scheme 1.6). The coordination of a carbanion to the platinum 
center increases the electron density at the platinum center and significantly 
changes the photophysics of these complexes relative to their triimine 
counterparts. A large number of complexes of this type have also been prepared 
and investigated for their tunable photophysics.69  
The first cyclometalated diimine complex was prepared by Constable et al. 
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in 1990 using 6-phenyl-2,2’-bipyridine and neutral isocyanide ligands (Scheme 
1.12).70 When R was methyl or 2,6-dimethylphenyl, dimer structures were formed 
with two [Pt(CNN)(CNR)]+ units stacking head-to-tail with Pt…Pt distances of 
3.28(1) and 3.3831(9) Å, respectively. The dimers stack in one-dimension with 
interdimer Pt…Pt distances greater than 4.5 Å (right, Scheme 1.12). When R was 
substituted with a bulky t-butyl group, no Pt…Pt interactions were observed. No 
photophysical examination of these complexes was performed.  
 
 
 
Scheme 1.12. [Pt(CNN)(CNR)]+ R = Me (16) and 2,6-Me2Ph (17) and head-to-tail 
stacking representation of dimers formed in the solid-state (right). 70  
 
A little over a decade after Constable’s initial report, several examples of 
neutral [Pt(CNN)(CCR)] complexes in which a neutral isocyanide ligand was 
33 
 
replaced with an anionic acetylide were reported. 71, 72 The range of CCR 
substitution for L was demonstrated by the Che group. Over the course of a 
couple of years, Che’s group reported the syntheses and photophysics of thirteen 
[Pt(CNN)(CCR)] analogues (18-30 Scheme 1.13).71, 72 Crystal structures of 
complexes 18, 19, 25, 27, and 28 revealed head-to-tail stacking similar to that 
observed for [Pt(CNN)(CNR)]+ complexes. However, only π-π stacking between 
pairs was observed with inter-CNN-ligand distances around 3.5 Å. No close 
Pt…Pt distances were present in the structures.  
 
 
Scheme 1.13. [Pt(CNN)(CCR)] derivatives studied by the Che group. 71, 72  
 
All complexes shown in Scheme 1.13 were emissive in solution, having a 
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3MLCT (Pt(dz2) to π*CNN). By changing the electronic properties of the acetylide, 
the energy of the excited state could be tuned from 560 nm (24, 25) nm to 630 
nm (21). The trend in excited state emissions suggested that when an electron-
withdrawing group (24, 25) was used, the Pt dz2 orbital was stabilized, thus 
increasing the HOMO-LUMO gap and the energy associated with the 3MLCT. 
Conversely, when R was an electron-donating group (21), the Pt dz2 orbital was 
destabilized and the HOMO-LUMO gap narrowed, yielding a lower energy 
emission.  
In a similar study by the Eisenberg group, the cyclometalated 6-phenyl-2,2’-
bipyridine chelating ring was modified at the para-position of the central pyridine 
ring in two separate systems, [Pt(CNN-R)(CCPh)]73 (31-33) and [Pt(CNN-
R)(SPh)]74 (34-36), respectively (Scheme 1.14). Crystal structures of complexes 
31 and 33 showed π-π stacking between the center pyridine rings of head-to-tail 
complexes, while 35 showed π-π stacking between CNN-C(O)OCH3 ligands of 
head-to-head complexes. No Pt…Pt interactions were found in either packing 
motif.  
All six complexes, 31-36, were found to be emissive in solutions, however, 
the nature of the emissive state differed between the two types of systems. For 
complexes 31-33 in which phenylacetylide was coordinated to the platinum 
center, a 3MLCT transition originating from a Pt(dz2) to π*CNN orbital was 
observed.73 The emission for all three complexes varied by only a few 
nanometers, thus the R substituent had very little influence on the LUMO of the 
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CNN ligand.  
Complexes 34-36 were solvatochromic with absorption energies ranging 
from ~ 490 nm in methanol to 580 nm in toluene.74 Based on comparison with 
other [Pt(CNN)X] complexes, the authors assigned this feature to a charge 
transfer into the π* of the CNN ligand originating from a mixed metal-and-
thiophenolate orbital. They further described the band as a mixed metal/ligand-
to-ligand’ charge transfer or MMLL’CT.74  
 
 
Scheme 1.14. [Pt(CNN-R)(CPh)] (31-33) and [Pt(CNN-R)(SPh)] (34-36) 
systems.73, 74   
 
1.11 Bridged [Pt(CNN)] complexes 
One method of forcing two platinum centers close together to favor Pt…Pt 
interactions is use of a bridging ligand. Using a bridging pyrazole ligand, Che and 
coworkers formed the complex [Pt2(CNN)2(µ-pz)]+ (37) shown in Scheme 1.15.75 
Crystallographic characterization showed that despite the presence of the linker 
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ligand, no Pt…Pt interactions were formed. The rigid structure of the pyrazole 
group forced the two Pt-centers to bend away from each other, resulting in a 
Pt…Pt distance of 3.612(2) Å. The absorption and emission of the complex in 
solution showed MLCT character, which is consistent with monomer units in 
solution.  
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Scheme 1.15. Binuclear complexes [Pt2(CNN)2(µ-pz)]+ (37), [Pt2(CNN)2(µ-
dppmCn)]2+ n=1 (38), 3 (39), and 5 (40) and trinuclear complex [Pt3(CNN)3(µ-
dppm)2]3+ (41). 69,75 
 
Using a less rigid linking moiety, Che et al. also formed binuclear 
complexes with diphenylphosphinoalkanes (dppm) to give [Pt2(CNN)2(µ-dppm)]2+ 
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(38)76 and [Pt2(CNN)2(µ-dppmCn)]2+ with n=3 (39)75 and n=5 (40)75 (Scheme 
1.15). X-ray crystallographic studies showed that the platinum centers in complex 
38 formed platinum-platinum interactions with a distance of 3.270(1) Å. Solution 
spectroscopic measurements of 38 revealed low-energy absorption and 
emission, which was assigned to 1MMLCT absorption and 3MMLCT emission, 
respectively. Though they were unable to grow single crystals of complexes 39 or 
40, they observed differences between these complexes and 38 in their 
photophysical exploration. Measurements of 39 and 40 showed behavior similar 
to that measured for monomeric [Pt(CNN)(PPh3)]+ with only 1MLCT absorption 
and 3MLCT emission observed, suggesting that neither of these complexes have 
interacting Pt centers in solution.  
Going one step further towards forming extended Pt…Pt interactions, Che 
and coworkers prepared the trinuclear complex [Pt3(CNN)3(µ-dppm)2]3+ (41, 
Scheme 1.15),69 which showed two distinct Pt…Pt distances of 3.19 and 3.40 Å. 
Similar to complex 38, 41 showed both 1MMLCT absorption and 3MMLCT 
features. Thus, Pt-Pt interactions were only observed when a short alkane chain 
with a single -CH2- was used a bridge. 
  
1.12 [Pt(NCN)] complexes 
Though moving the position of the phenyl ring from [Pt(NNC)] to [Pt(NCN)] 
appears to be a minor change, it greatly impacts the parentage of the excited 
states. The movement of the phenyl ring from the outer position in [Pt(NNC)] 
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systems to the central position in [Pt(NCN)] restructured the orbital manifold such 
that the π-ligand orbital is now higher in energy than the Pt dz2.6, 7 Therefore the 
HOMO in the [Pt(NCN)] complexes is ligand based, favoring a π-π* transition 
over a MLCT one. The difference in molecular orbital arrangement between 
[Pt(NNC)] and [Pt(NCN)] moieties is illustrated in Scheme 1.16.  
 
 
Scheme 1.16. Molecular orbital differences between [Pt(NNC)] and [Pt(NCN)] 
systems that alter the parentage of the emissive states. 
 
This orbital rearrangement was first demonstrated by Williams et al. with the 
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preparation and characterization of a series of [Pt(NCN-R)Cl] complexes in which 
they varied the electronic structure of the ligand using R=H (42), 2-pyridyl (43), 4-
tolyl (44), 4,6-biphenyl (45), and 2-thienyl (46), as shown in Scheme 1.17.6, 7 A 
crystal structure of 45 showed that the [Pt(NCN-R)Cl] moieties packed in a head-
to-tail fashion with no Pt…Pt interactions.  All five complexes studied were 
emissive in solution with energies similar to those measured for [Pt(NNC)] 
complexes with only a slight decrease in energy observed as the electron-
withdrawing ability of R increased from 42 to 46. However, the excited states 
lived for much longer with lifetimes of 7-8 µs, therefore, a 3MLCT assignment was 
ruled out and a π-π* assignment was favored. The emission energy decreased 
slightly with increasing electron-withdrawing ability of the R group from 42 to 46.  
 
 
Scheme 1.17. [Pt(NCN-R)Cl] complexes (42-46)6, 7 and [Pt(NCN)(CCR)] 
complexes (47-49).77 
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Che et al. found that the excited state could be further tuned via substituting 
the chloride co-ligand with substituted phenylacetylide derivatives (47-49, 
Scheme 1.17).77 Complexes 47 and 48 formed chains with head-to-tail packing. 
One unique platinum distance of 3.383 Å was identified in 47 while three distinct 
distances of 3.229, 4.879, and 3.710 Å were identified in 48. Complex 49 also 
showed head-to-tail packing, however, no close platinum contacts were found. 
The differences in intermetallic distances determined the nature of the emissive 
states. Similar to the photophysics of [Pt(NCN)Cl], complex 49 showed a low 
energy a triplet π-π* emission but also a high energy 3MLCT, supporting the 
electronic structure of [Pt(NCN)] complexes depicted in Scheme 1.17. The 
emissions from 47 and 48, however, were vastly different with both showing NIR 
emissions around 800 nm, attributed to the short intermetallic separation present 
in both complexes and assigned to a 3MMLCT transition.  
 
1.13 [Pt(CNC)] complexes 
The pronounced effect of adding and rearranging carbanion moieties of 
cyclometalated polyiimine ligands continues with the formation of [Pt(CNC)L] 
species. Rourke et al. first reported this coordination mode using 2,6-
diphenylpyridine (dpp) as the CNC ligand and L = DMSO (50) and CO (51) 
(Scheme 1.18).8, 9 Following this initial preparation, Che and coworkers 
measured the optical properties of similar complexes using several 2,6,-di-(2’-
napthyl)-4-R-pyridine derivatives by systematically increasing the electron-
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withdrawing ability with R = H (52), Ph (53), 4-BrC6H4 (54), and 3,5,-F2C6H3 (55) 
(Scheme 1.18).10 Notably different from the other platinum cyclometalated 
complexes discussed in previous sections, complexes 52-55 were only emissive 
at 77 K. Additionally, the structure of the low-temperature emissions was vibronic 
with two maxima around 520 and 550 nm. The relative energies of these 
emissions were unaffected by changes to the electronic character of the CNC 
ligand. Noting the extremely long lifetime of the excited states (0.5-14 µs), the 
origin was assigned to excimeric π-π* transitions influenced by the distance 
between excimeric partners.  
A separate photophysical examination of [Pt(CNC)X] complexes was done 
by the Lalinde group. Using dpp as a scaffold, the electronic density at the Pt 
center was altered by substituting neutral L donors with anionic X = CN (56) and 
CCPh (57).11 As with complexes 52-55, the solutions were only emissive at low 
temperature (77 K) and displayed multiple maxima with vibronic spacing. The 
maxima in 56 and 57 were very similar, thus the differences in electron density at 
the Pt center caused by the carbanion moieties had no effect on the emissive 
state. On the basis of emission structure, energy, and lifetime, excimeric π-π* 
transitions were assigned for these [Pt(CNC)X] complexes as well.11  
Using similar synthetic tools to those described above, the Che group 
demonstrated that the excimeric π-π* excited state in [Pt(CNC)] complexes could 
be modified through changes in the distance between the participating partners. 
Neighboring moieties were held in proximity using dppm to give compound 58.10 
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The emissive behavior of 58 was similar to that of complexes 52-55 in which 
similar CNC moieties were used; however, unlike its relatives, it was 
vapoluminescent. Changes in the solvent present in the void space of the 
crystals changed the distance in the excimer pair, and thus the emission energy 
and emission color also changed.  
 
 
 
Scheme 1.18. [Pt(CNCL)] (L = DMSO (50), CO (51)8, 9, [Pt(CNC-R)(DMSO)] (R= 
H (52), Ph (53), 4-BrC6H4 (54), 3,5-F2C6H3 (55))10, [Pt(CNC)X]- (X = CN (56), 
CCPh (57))11, and [Pt2(CNC)2(dppm)] (58).10  
 
In comparison with [Pt(NN)X2] and [Pt(tpy)X]+, the number and position of 
the carbanion moiety has dramatic effects on the photophysics of the 
cyclometallated platinum imine species. The [Pt(CNN)] complexes behave most 
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like the diimine [Pt(NN)X2] species and [Pt(tpy)X]+. They tend to be emissive in 
solution at relatively low energies. The parentage of this transition is generally a 
3MLCT from a d(Pt) to π*(NNC) excitation. When Pt…Pt interactions are present, 
a lower energy 3MMLCT transition from a dσ* to π*(CNN) excitation is apparent. 
The [Pt(NCN)] and [Pt(CNC)] complexes, however, typically only emit from 
frozen solutions at very low temperatures (77 K). Additionally, the lifetime of this 
excited state is at least an order of magnitude longer than those in [Pt(NN)], 
[Pt(tpy)]+, or [Pt(CNN)]. The parentage of this emission is assigned to an 
excimeric π-π* excitation that can be tuned via tuning the distance between the 
members of the excimer. Furthermore, Pt…Pt interactions and subsequent low 
energy MMLCT transitions are not observed for [Pt(NCN)] or [Pt(CNC)] species.   
 The focus of the bulk of this thesis was the development of panchromatic 
platinum polyimine dye molecules. All of the platinum polyimine coordination 
compounds discussed above give rise to visible π-π* ILCT and d(Pt)-π* MLCT 
features in the UV and visible range, respectively. Only the [Pt(NN)], [Pt(CNN)], 
and [Pt(tpy)X]+, however, also contain lower energy dσ* to π*(CNN) MMLCT 
features that arise from Pt…Pt interactions in the solid-state. Furthermore, the 
[Pt(tpy)X]+ systems also shows sensitivity to the outer sphere environment with 
changes in Pt…Pt interactions and subsequent MMLCT behavior observed with 
changing counteranion, as demonstrated with [Pt(tpy)Cl]Y complexes.3, 4 
 Due to the ability to tune both MLCT and MMLCT features in the [Pt(tpy)X]Y 
complex by substituting the coordinating X and non-coordinating Y ligands, this 
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complex was used throughout this thesis. In the Chapter 2, X was substituted for 
bromide and iodide and Y for p-block anions PF6 and SbF6. The products were 
investigated using structural and solid-state absorption data in an attempt to 
identify any patterns in the structural motifs formed and resulting MMLCT 
energies. In the remaining Chapters, the [Pt(tpy)X]+ skeleton was paired with [M]- 
moieties to form double salts with Pt…M interactions that could give rise to 
MMLCT features. When structures were obtained, the motifs formed were 
analyzed. Additionally, both solution and solid-state photophysical measurements 
were performed and compared to structural data, where available, to determine 
the assignment of the observed feature.  
 The findings of each [Pt][M] double salt informed the improvement of the 
next set of [Pt][M] double salts. In Chapter 3, [Pt][Au] double salts were formed 
using both [Au(CN)2]- and [Au(C6F5)2]- anions. In Chapter 4, the [Pt(tpy)(CCPh)]+ 
cation was used to incorporate a better visible absorber into the [Pt][Au] double 
salt. Visible absorbing [PtL3X]- anions were also used to form panchromatic 
[Pt][Pt] double salts in Chapter 4. Finally, the [Pt(tpy)Cl]+ cation was used in 
Chapter 5 to prepare improved [Pt][Pt] double salts, which displayed solution 
MMLCT features.  
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Chapter 2. Analyzing metal-metal stacking patterns and searching for a 
non-traditional indicator for Pt…Pt interactions using the [Pt(tpy)X]Y family  
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2.1 Introduction 
2.1.1 Pt…Pt stacking patterns  
 The structural variety of the 1-D chains formed by the [Pt(tpy)X]+ moiety 
corresponds to a wide range of MMLCT behavior.58 A route to understanding this 
variety and identifying its governing factors would guide the syntheses of new 
molecules whose chain structures could be predicted. If previous assessments 
that MMLCT energy bands are directly related to Pt…Pt distances in 
superstructures are accurate, then the ability to design complexes with specific 
metal-metal distances will also allow MMLCT energies to be predicted. The 
ability to manipulate MMLCT absorption and emission energies would be a 
powerful tool for optical devices such as the dye-sensitized solar cell platform 
discussed in the chapter one.  
 As seen in chapter one, formation of chains in the [Pt(NNN)X]+ systems is 
sensitive to a variety of both obvious changes to the coordination environment, 
such as substitution of X, and subtle changes to the outer-sphere environment, 
such as the role of the non-coordinating anion. Thus any attempts to 
nanoengineer these chains must start with an understanding of their formation 
through both these inner- and outer-sphere effects. The [Pt(tpy)X]Y series serves 
as an excellent case study for this purpose. Several complexes in this series 
have already been reported and ease of substitution of the co-ligand X and 
metathesis of Y will allow many more to be prepared and characterized.  
 Combining structural information from both the literature and new 
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compounds reported here, a library of non-substituted [Pt(tpy)X]Y crystal 
structures has been assembled. Analysis of this library will focus on the stacking 
patterns observed in the crystal lattice as well as the factors that influence them. 
All and any motifs and trends will be identified and investigated.  
 
 2.1.2 Screening for MMLCT markers  
 Currently, direct identification of metal-metal interactions is achieved 
primarily through characterization via single crystal X-ray diffraction. Indirect 
evidence for these interactions can be obtained by comparing luminescence of 
species whose structures have already been determined with analogous spectra 
from closely related compounds lacking structural information. This general 
approach has been used extensively for many of the platinum polyimine 
complexes discussed in Chapter 1.  
 Though this comparative approach has been useful, it only serves when 
structural information is available. Furthermore, it only applies to types of 
complexes that have close relatives reported elsewhere. Finding a method or 
methods that could be used to screen samples and identify and perhaps quantify 
relative Pt…Pt distances of non-crystalline materials would add another tool to 
the analysis of nanowires formed through metal-metal interactions. Study of 
M…M distances would no longer be limited to crystal structure analysis.  
 The identification of such methods is aided by a sizable data set from which 
to form pertinent potential connections between platinum-platinum distances and 
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new data points. Considering MMLCT absorption energies are thought to be 
correlated with Pt…Pt distances in the [Pt(tpy)X]Y family4, using solid-state 
absorption data of microcrystalline samples and structural Pt…Pt analysis should 
allow connections to be made between distances and MMLCT energies. 
Following structural analysis and identifying metal-metal stacking forces and 
motifs, the solid-state absorption properties of these categories in the [Pt(tpy)X]Y 
family were explored using diffuse reflectance spectroscopy. Just as done in the 
structural library, only non-substituted terpyridine derivatives will be included in 
this initial examination. In total seven compounds will be reviewed (Scheme 2.1). 
The structural analysis portion of this work has been published in the literature.55, 
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Scheme 2.1. Seven [Pt(tpy)X]Y complexes prepared for structural and solid-state 
electronic absorption analysis. 
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2.2 Experimental  
 2.2.1 General considerations 
  Dichloro(1,5-cyclooctadiene)-platinum(II), potassium hexafluorophosphate, 
potassium bromide, and 2,2’;6’,2”-terpyridine were purchased from Sigma Aldrich 
Chemical Company and used as received. Silver hexafluoroantimonate(V) was 
purchased from Strem Chemicals, Inc. and used as received. Deuterated DMF 
was purchased from Cambridge Isotope Laboratories, Inc. Spectral grade 
acetonitrile was purchased from Fisher Scientific and distilled over CaH2 under N2 
before use. All other spectral grade reagents were used without further 
purification. [Pt(tpy)Cl]Cl2H2O, 1,79, 80, [Pt(tpy)Cl]ClDMSO, 2,80, [Pt(tpy)Cl]PF64, 
[Pt(tpy)Cl]SbF681, and [Pt(tbu3tpy)Cl]Cl82 were prepared according to literature 
methods. The compound [Pt(tpy)Br]Br83 was prepared similarly to the iodide 
derivative.84  
 2.2.2 Syntheses 
 [Pt(tpy)Cl]PF6, 3. Preparation of this compound was achieved via a 
modification to a previously reported method.4 Crystalline [Pt(tpy)Cl]Cl (308.5 
mg, 0.58 mmol) was dissolved in approximately 50 mL H2O. Upon addition of an 
equimolar amount of KPF6 (107.5 mg, 0.58 mmol) to the red solution, a yellow 
solid precipitated immediately. The suspension was stirred overnight and isolated 
as a yellow solid (319.9 mg, 90.6% yield) via vacuum filtration. Slow evaporation 
of a concentrated DMF solution gave yellow needles suitable for X-ray diffraction. 
195Pt (δ, ppm, DMF-d7) 2720. ESI-MS: m/z (%) 464 (100) [M+]; 145 (100) [M-]. 
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UV-vis (DMSO) [λmax, nm (ε, M-1 cm-1)]: 276 (34,000), 328 (13,000), 348 (9500), 
372 (2900), 388 (2200). 
 [Pt(tpy)Cl]SbF6, 4. Synthesis of this compound followed a previously 
reported preparation.81 A mixture of [Pt(tpy)Cl]Cl (107.0 mg, 0.2 mmol) and 
AgSbF6 (69.0 mg, 0.2 mmol) was refluxed in approximately 11 mL CH3CN for 3 
days in the dark. The milky yellow suspension was filtered over celite to remove 
AgCl. The yellow filtrate was concentrated, giving 87.1 mg of orange needles, 
which were shown to be the CH3CN solvated form, 5. A small amount of orange 
solid was dissolved in DMF to give a yellow solution. Slow evaporation of that 
solution gave yellow needles, 4. ESI-MS: m/z (%) 464 (100) [M+]; 235 (100) [M-]. 
 [Pt(tpy)Br]Br2H2O, 6. The yellow product, 6, was isolated after the halide 
exchange reaction of [Pt(tpy)Cl]Cl with 5 equivalents of KBr, as previously 
reported.83 The product was recrystallized three times from hot H2O in 73.3% 
yield. Slow evaporation of a concentrated DMF solution yielded yellow needles 
suitable for single crystal X-ray diffraction. ESI-MS: m/z (%) 508 (100) [M+]. UV-
vis (DMSO) [λmax, nm (ε, M-1 cm-1)]: 268 (26,000), 287 (23,800), 328 (14,600), 
347 (11,400), 377 (3000), 395 (2600).  
 [Pt(tpy)Br]PF6, 7. This compound was synthesized by a procedure similar to 
that of the chloride derivative, 3. Microcrystalline [Pt(tpy)Br]Br (22.3 mg, 0.0379 
mmol) was dissolved in 5 mL hot H2O. An equimolar amount of KPF6 (8.7 mg, 
0.0379 mmol) was added to the yellow solution, and a yellow solid immediately 
precipitated. The yellow solid was isolated via vacuum filtration, washed with 
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diethyl ether and dried to give 20.9 mg (84.5% yield) of yellow solid. Slow 
evaporation of a concentrated DMF solution gave yellow needles. Anal. Calc. for 
PtC15H3N3BrPF6: C, 27.58; H, 1.70; N, 6.43. Found: C, 27.66; H, 1.39; N, 6.42%. 
ESI-MS: m/z (%) 508 (100) [M+]; 145 (100) [M-]. 195Pt (δ, ppm, DMF-d7) 2765 
ppm. UV-vis (DMSO) [λmax, nm (ε, M-1 cm-1)]: 268 (25,200), 287 (22,300), 328 
(14200), 347 (10,900), 377 (2700), 395 (2300). 
 
 2.2.3 Physical methods 
 All mass spectra were collected using an Agilent 1100 LC/MSD with 
electrospray ionization (ESI) and atmospheric pressure chemical ionization 
(APCI) sources. IR spectra were recorded from neat powders utilizing a Nicolet 
Nexus 670 FT-IR spectrometer with a SMART MIRacle attchment. Elemental 
analyses were performed by Quantitative Technologies Inc. (QTI, Whitehouse, 
NJ 08888).  
 All 195Pt NMR spectra were obtained at 107.273 MHz on a Varian 500 NMR 
spectrometer and chemical shifts were reported in ppm relative to the external 
reference of a saturated solution of K2PtCl4 in D2O (δ = 1614 ppm). Typical 195Pt 
parameters were as follows: pulse width = 8.5 µs (90), sweep width = 625 kHz, 
pulse delay = 0.5 s, 25 K data points, line broadening = 20 Hz.   
 All diffuse reflectance spectra were collected using a Shimadzu UV3600 
UV-vis-NIR spectrophotometer equipped with a Praying Mantis™ diffuse 
reflection accessory purchased from Harrick Scientific Products Inc. Prior to 
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measurement, all samples were ground to a fine powder using an agate mortar 
and pestle and measured against a densely packed, flat surface of finely ground 
BaSO4. 
 2.2.4 X-ray crystallographic studies 
 All data collection and structure solutions were done by the Arnold 
Rheingold group at the University of California San Diego (UCSD). A summary of 
the crystal data collection and refinement parameters for all compounds is given 
in Table 2.1. Selected interatomic distances and angles are given in Table 2.2. 
All data were collected on APEX-CCD-detector equipped Bruker diffractometers 
and were corrected for absorption using semi-empirical, multi-scan methods. All 
structures were solved by heavy-atom methods, and the remaining non-hydrogen 
atoms were located from subsequent difference maps. All structures were refined 
with anisotropic thermal parameters for all non-hydrogen atoms; hydrogen atoms 
were treated as idealized contributions. All software is contained in various 
libraries (SHELXTL, SMART, and SAINT) maintained by Bruker AXS, Madison, 
WI.85 
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Table 2.1. Summary of X-ray data collection parameters.  
 3 4 5 6 7 
Formula C15H11ClF6N3PPt C15H11ClF6N3PtSb C17H14ClF6N4PtSb PtC15N3H15Br2O2 C15H11BrF6N3PPt 
Weight 608.78 699.56 740.61 624.21 653.24 
Crystal 
system 
Triclinic monoclinic Orthorhombic monoclinic Triclinic 
Space 
group 
P-1 P21/c Pnma P2(1)/n P-1 
Unit cell 
dimensions 
     
a (Å) 6.817(5) 6.772(4) 27.576(10) 6.9548(7) 6.9624(18) 
b (Å) 9.878(8) 26.132(16) 6.594(2) 17.4240(18) 10.061(3) 
c (Å) 13.673(10) 9.955(7) 10.881(4) 13.9932(14) 13.642(4) 
α (°) 70.556(10) 90 90 90 70.060(4) 
β (°) 76.763(10) 102.403(10) 90 97.2600(10) 76.797(4) 
γ (°) 74.495(1) 90 90 90 73.246(4) 
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Table 2.1. Summary of X-ray data collection parameters, continued.  
 3 4 5 6 7 
V (Å3) 826.6(11) 1720.6(19) 1978.4(12) 1682.0(3) 851.1(4) 
Z, Z’ 2, 1 4, 1 4, 1 4 2, 1 
ρ (g cm-3) 2.446 2.701 2.486 2.465 2.549 
M (Mo Kα) 
(mm-1) 
8.816 9.914 8.631 13.105 10.752 
T (K) 100(2) 133(2) 100(2) 100(2) 100(2) 
R (F) (%)a 3.47 7.09 6.92 3.81 3.41 
R (wF2) 
(%)b 
7.65 13.8 14.0 7.45 9.18 
56 
 
Table 2.2. Selected interatomic distances and angles for complexes 3–7.  
 
Complex Distance Å Angle (°) 
3 Pt(1)-N(1) 2.007(5) N(1)-Pt(1)-N(2) 80.91(19) 
 Pt(1)-N(2) 1.943(4) N(1)-Pt(1)-N(3) 162.28(18) 
 Pt(1)-N(3) 1.998(5) N(2)-Pt(1)-N(3) 81.40(19) 
 Pt(1)-Cl(1) 2.296(2) N(1)-Pt(1)-Cl(1) 98.79(14) 
 Pt(1)…Pt(1) 3.324(2) N(2)-Pt(1)-Cl(1) 178.95(12) 
 Pt(1)…Pt(1) 4.012(3) N(3)-Pt(1)-Cl(1) 98.87(13) 
4 Pt(1)-N(1) 2.008(9) N(1)-Pt(1)-N(2) 81.4(4) 
 Pt(1)-N(2) 1.931(10) N(1)-Pt(1)-N(3) 162.(4) 
 Pt(1)-N(3) 2.014(11) N(2)-Pt(1)-N(3) 81.1(4) 
 Pt(1)-Cl(1) 2.29(4) N(1)-Pt(1)-Cl(1) 99.4(3) 
 Pt(1)…Pt(1) 3.342(2) N(2)-Pt(1)-Cl(1) 178.8(3) 
 Pt(1)…Pt(1) 4.035(2) N(3)-Pt(1)-Cl(1) 98.3(3) 
5 Pt(1)-N(1) 2.025(9) N(1)-Pt(1)-N(2) 80.4(4) 
 Pt(1)-N(2) 1.936(11) N(1)-Pt(1)-N(3) 161.6(4) 
 Pt(1)-N(3) 2.030(9) N(2)-Pt(1)-N(3) 81.2(4) 
 Pt(1)-Cl(1) 2.316(3) N(1)-Pt(1)-Cl(1) 99.9(3) 
 Pt(1)…Pt(1) 3.372(1) N(2)-Pt(1)-Cl(1) 179.7(3) 
   N(3)-Pt(1)-Cl(1) 98.5(3) 
6 Pt(1)-N(1) 2.029(5) N(1)-Pt(1)-N(3) 162.2(2) 
 Pt(1)-N(2) 1.931(5) N(2)-Pt(1)-Br(1) 178.27(15) 
 Pt(1)-N(3) 2.016(5) Pt(1)-Pt(1)-Pt(1) 126.94 
 Pt(1)-Br(1) 2.4218(7)   
 Pt(1)…Pt(1) 3.4674(4)   
 Pt(1)…Pt(1) 4.2948(5)   
7 Pt(1)-N(1) 2.026(5) N(1)-Pt(1)-N(2) 80.6(2) 
 Pt(1)-N(2) 1.970(5) N(1)-Pt(1)-N(3) 162.2(2) 
 Pt(1)-N(3) 2.012(5) N(2)-Pt(1)-N(3) 81.6(2) 
 Pt(1)-Br(1) 2.4166(9) N(1)-Pt(1)-Cl(1) 99.16(15) 
 Pt(1)…Pt(1) 3.3698(8) N(2)-Pt(1)-Cl(1) 178.73(15) 
 Pt(1)…Pt(1) 4.133(1) N(3)-Pt(1)-Cl(1) 98.60(15) 
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2.3 Results and discussion 
 2.3.1 Syntheses 
 Complexes 2-6 were prepared using 1, [Pt(tpy)Cl]Cl2H2O80 as a starting 
material. Recrystallization of 1 from hot DMSO gave 2 as a red material.80 Both 3 
and 5 were prepared from a metathesis of the outer-sphere chloride for Y = PF6 
or SbF6 according to reaction pathways (a) and (b), respectively, as shown in 
Scheme 2.2. Following reaction pathway a, KPF6 is added to a aqueous solution 
of 1, leading to the precipitation and isolation of 3. Following reaction pathway b, 
a mixture of 1 and AgSbF6 is refluxed in acetonitrile until precipitation of AgCl is 
observed. Upon completion of the reaction, AgCl is filtered away and the solution 
is concentrated to give orange needles of 5. Complex 4 is obtained from 
recrystallization of 4 in DMF. Substitution of both inner-sphere and outer-sphere 
chloride for bromide to form 6 was achieved using an excess of KBr, as 
demonstrated in reaction pathway (c) of Scheme 2.2. A yellow precipitate forms 
immediately upon addition of excess KBr to an aqueous solution of 1. Clean 
conversion of 6 from 1 requires triply recrystallized material as determined via 
ESI-MS. Similar to the formation of 3 shown in pathway (a) of Scheme 2.2, 
complex 7 is isolated from a metathesis reaction of 6 with KPF6.  
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Scheme 2.2. Metathesis reactions to formation of 3 and 5 
 
 2.3.2 Structural analysis 
 Structural analysis of complexes 1 and 2 appear elsewhere in the literature 
but will be discussed here as well for comparison.80 The coordination distances 
about the PtII center for all five [Pt(tpy)Cl]+ species described herein agree well 
with all other known structures. The average distances (Å) for the metal-ligand 
coordination from six published [Pt(tpy)Cl]+ cations, taken from the Cambridge 
Structural Database,86, 87 are as follows: Pt-Cl 2.303(4), Pt-Ntrans 1.93(1), and Pt-
Ncis 2.20(1) Å.  
 2.3.3 Stacking diagrams 
 Compound 3 forms pair-wise interactions with the [Pt(tpy)Cl]+ units oriented 
in opposing directions (Figure 2.1). The Pt…Pt interactions are indicated in 
dashed lines with an intradimer metallic distance of 3.324(2) Å. As shown in 
Figure 2.1, two PF6 anions occupy void spaces in the lattice on alternating sides 
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of the [Pt(tpy)Cl]+ channel.  
 
Figure 2.1. ORTEP of dimer stacking among cations from [Pt(tpy)Cl]PF6, 3, with 
a Pt…Pt separation of 3.324(2) Å and 50% displacement ellipsoids.   Hydrogen 
atoms removed for clarity.  
 
 Replacement of the outer-sphere anion for SbF6 in 4, Figure 2.2, gives the 
same packing motif as seen in 3. Similar to 3, SbF6 anions fill spaces on both 
sides of the dimer.  The Pt…Pt separation between cation units is slightly longer 
with a distance of 3.342(2) Å (dashed line). A space filling diagram of the pair-
wise [Pt(tpy)Cl]+ units and the counter anions of 3 and 4 is presented in Figure 
2.3 and shows that the slightly larger SbF6 anion has very little impact on the 
separation between the Pt centers. 
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Figure 2.2. ORTEP of cation stacking in [Pt(tpy)Cl]SbF6, 4, with 50% 
displacement ellipsoids. The Pt…Pt separation is shown with dashed lines and is 
3.342(2) Å. Hyrdogen atoms removed for clarity.  
 
 
Figure 2.3. Space filling diagram of [Pt(tpy)Cl]PF6, 3 (left), and [Pt(tpy)Cl]SbF6, 4 
(right). 
 
 Absorption of 1 mole of CH3CN per unit cell into the lattice of complex 4 
gives orange crystals of 5. Again, the cation units arrange in a head-to-tail 
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fashion. However, unlike its solventless parent, 5 forms an infinite chain of Pt 
atoms with one unique Pt…Pt distance of 3.372(1) Å repeating throughout the 
dimension of the crystal (Figure 2.4). The Pt chain slightly deviates from a linear 
arrangment with a Pt-Pt-Pt angle of 155.8°. Both SbF6 moities and CH3CN 
molecules fill in void spaces in the crystal lattice and make no close contacts with 
the cation units of the chain.   
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Figure 2.4. ORTEP of stacking in chains among cations in 
[Pt(tpy)Cl]SbF6·CH3CN, 5, with a Pt…Pt distance of 3.372 Å and 50% 
displacement ellipsoids.   Hydrogen atoms removed for clarity. 
 

Switching from the chloride co-ligand to bromide gives complex 
[Pt(tpy)Br]Br2H2O, 6, which is structurally very similar to complex 
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[Pt(tpy)Cl]Cl2H2O, 1.80 Shown in Figure 2.5 is the packing for 6, which shows 
head-to-tail [Pt(tpy)Br]+ arrangement and dimers of Pt…Pt interactions with an 
intradimer metallic separation of 3.467(4) Å and an interdimer metallic separation 
of 4.2948(5) Å. As can be seen in the diagram, each non-coordinating bromide 
ion sits between pairs of water molecules, which span 5.397(8) Å from O(1)-Br(2) 
and fill in the space between the long Pt…Pt contacts. The Br(2)-H(1A) distance 
of 3.5(1) Å between the pair-wise Pt…Pt interactions, however, is much shorter. 
The Pt…Pt distance for 6 is measurably longer than that in complex 1 (3.3903(5) 
Å), due to the larger size of the bromide ion relative to the chloride ion, which can 
be seen in space filling diagram of 1 and 6 in Figure 2.6. 
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Figure 2.5. Packing diagram of [Pt(tpy)Br]Br2H2O (6).  
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Figure 2.6. Space filling diagram of [Pt(tpy)Cl]Cl2H2O, 1 (left) and 
[Pt(tpy)Br]Br2H2O, 6 (right). 
 
Metathesis of the outer-sphere bromide for a PF6 anion gives complex 7, 
which contains no solvent in the crystal lattice. Similar to the chloride derivative, 
3, the cations in the bromide complex form pair-wise interactions between head-
to-tail neighbors with a Pt…Pt separation of 3.3698(8) Å (Figure 2.7).  The PF6 
counter-anions fill in empty spaces on both sides of the cation channel. Similar to 
the water solvated species, 6, the [Pt(tpy)Br]+ cation in 7 forms a slightly longer 
platinum-platinum contact than the [Pt(tpy)Cl]+ due the larger size of the ion. 
However, the pair-wise distance of 7 is slightly shorter than that of 6. This pattern 
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is also true of the chloride derivative in comparing complexes 1 and 3, and has 
also been observed in the [Pt(tpy)X]AuX’2] derivatives that will be discussed in 
Chapter 3.84, 88 
 
 
 
 
 
Figure 2.7. ORTEP of cation stacking in [Pt(tpy)Br]PF6, 7,  with a Pt…Pt distance 
of 3.3698(8) Å and 50% displacement ellipsoids.   Hydrogen atoms removed for 
clarity. 
 
2.3.4 Stacking patterns 
 To date, seven [Pt(tpy)Cl]Y complexes have been crystallographically 
characterized. Five of those examples (1-5) have been reported from the Doerrer 
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group with three of those (3-5) being original work of this thesis and described in 
detail above. The remaining two, in which Y is equal to ClO44 and OTf3, come 
from independent reports by the Gray and Che groups, respectively. Both of 
these derivatives form pair-wise interactions between head-to-tail oriented 
cations with dimer Pt…Pt distances of 3.269(1) and 3.329(1) Å, respectively. 
Additionally, neither of these complexes have solvent molecules in their crystal 
lattices. Thus all four [Pt(tpy)Cl]Y complexes (3,4, and Y = ClO4, and OTf) with no 
solvent occupying space in the crystal lattice form pair-wise Pt…Pt interactions 
with dimer chains repeating in one dimension (Scheme 2.3, left). The Pt…Pt 
distances increase as follows: ClO4, PF6 (3), OTf, and SbF6 (4). The outer-sphere 
anions form no interactions with the cation chains and no obvious correlation 
exists between non-coordinating anion size and Pt…Pt distance.   
For [Pt(tpy)Cl]+ complexes in which solvent is present in the crystal lattice 
(1, 2, and 5), pair-wise, zig-zag, and infinite packing motifs are observed 
(Scheme 2.3). The shortest Pt…Pt distance in this category occurs in complex 2, 
in which a zig-zag formation is present and a molecule of DMSO is in the crystal 
lattice. However, if the two metal-metal distances of the zig-zag chain are 
averaged (3.3757(8) Å), they are slightly longer than the unique distance of 
3.372(1) Å in the infinite Pt chain in complex 5. The pair-wise Pt…Pt interactions 
in complex 1 show the longest separation of any of the dimer structures for 
[Pt(tpy)Cl]+ species.  
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Scheme 2.3. Packing motifs in the [Pt(tpy)X]Y series. 
  
The two [Pt(tpy)Br]+ species behave very similarly to the [Pt(tpy)Cl]+ 
species. First, it is noted that 6 and 7 are the only crystallographically 
characterized [Pt(tpy)Br]Y species to date. Complex 7, which has no solvent in 
the crystal lattice, forms dimer chains of Pt…Pt interactions just as in the 
[Pt(tpy)Cl]+ family. Complex 6, which does include a solvent molecule in the 
lattice, is the structural analogue of 1, with dimer chains of [Pt(tpy)Br]+ moieties 
formed in the solid-state. Therefore in bromide and chloride [Pt(tpy)X]+ species, 
when water fills void spaces in the solvent lattice, dimer interactions are formed 
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between neighboring Pt atoms of the [Pt(tpy)X]+ skeleton. To date, no zig-zag or 
linear chains of [Pt(tpy)Br]+ species have been observed. 
 Overall, three stacking motifs are observed in the [Pt(tpy)X]Y series in 
which X = Cl or Br, as shown in Scheme 2.3. The most common of the three, the 
pair-wise interactions characterized by dimer chains of [Pt(tpy)X]+ moieties, is 
found when no solvent molecules are present in the solid lattice (3, 4, 7, X=Cl 
Y=ClO44, and X=Cl, Y=OTf3) or when a water molecule is absorbed by the lattice 
(1 and 6). One example each of the zig-zag and infinite chain formation exist as 
demonstrated by 2 and 5, respectively. Both complexes have absorbed solvent 
into the crystal lattice. However, no interactions are formed between the solvent 
molecules and the [Pt(tpy)X]+ units, and no single determining factor which 
directs the formation of these chains has been identified. 
 
 2.3.5 Diffuse reflectance as a Pt…Pt reporter 
 The seven complexes described above were subjected to solid-state 
analysis using diffuse reflectance spectroscopy. Assignments of the absorption 
maxima were made based on several factors. First, a comparison between 
solution and solid-state absorption energies was made. Assuming that the 
platinum chains formed by short Pt…Pt contacts only hold together in the solid-
state, if MMLCT absorption features are present in the solid-state, they should be 
lower in energy than the monomeric absorption bands of the salts in solution.  
Second, absorption maxima were compared to the crystal packing motifs; pair-
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wise, zig-zag, or infinite. Finally, all Pt…Pt distances identified through X-ray 
crystallography were plotted versus the energy of the absorption maxima to 
identify any trends. A summary of all these parameters, including the colors of 
the materials, is given in Table 2.3. All [Pt(tpy)X]Y materials used for this study 
were recrystallized in the manner used to obtain their crystal structures to be 
confident in the structural arrangement and Pt…Pt distances. 
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Table 2.3. [Pt(tpy)X]Y library with structural and solid-state absorption data 
Complex Color Stacking Pattern Pt…Pt (Å) λmax (nm) 
DMSO  
(ε, M-1cm-1) 
λmax (nm) 
Solid 
1 Yellow Pair-wise 3.3903(5) 
4.3268(5) 
396 (2300) 530 
2 Red Zig-zag 3.3155(8) 
3.4360(8) 
396 (2100) 509 
3 Yellow Pair-wise 3.324(2) 
4.012(3) 
396 (1900) 412 
4 Yellow Pair-wise 3.342(2) 
4.035(2) 
396 (1800) 402 
5 Orange Infinite 3.372(1) a a 
6 Yellow Pair-wise 3.4674(4) 
4.2948(5) 
395 (2600) 351 
7 Yellow  Pair-wise 3.3698(8) a a 
882 Yellow None 4.9418(3)  375 
a – Data not collected due to desolvation of crystalline material 
 
In solution, the [Pt(tpy)Cl]Y subset (1-4) exhibit a visible absorption at 396 
nm (ε ~ 2000 M-1 cm-1), which can be assigned to a MLCT band (d(Pt) to 
π*(tpy)). The solution and solid-state absorption spectra of 2 is presented in 
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Figure 2.8 and shows that in the solid-state, a new red-shifted absorption at 509 
nm is present. All four complexes show bathochromic-shifted absorption with the 
lowest energy absorption bands at 530, 509, 412, and 402 nm, respectively 
(Table 2.3). As these absorption bands do not appear in solution and have lower 
energies than the MLCT band in solution, they are assigned to MMLCT bands. 
The absence of these lower energy features in solution strongly suggests that in 
solution, the [Pt(tpy)Cl]+ species are monomeric. 
 
Figure 2.8. Solution (DMSO, red) and solid-state (blue) absorption of 
[Pt(tpy)Cl]ClDMSO, 2. 
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 To identify trends within platinum-platinum distances and MMLCT 
energies, these data are plotted for 1-4 (Figure 2.9). All but 2 show dimeric 
packing in the solid-state. The pair-wise long Pt…Pt distances have little impact 
on the MMLCT energy as 1 has the longest Pt…Pt distance and the lowest 
energy MMLCT. The data are scattered with no obvious pattern emerging. All 
MMLCT absorptions are 400 nm or higher, however, which is noted as a possible 
threshold for MMLCT absorptions in the solid-state.  
 
 
Figure 2.9. Plot of Pt-Pt distance as a function of solid-state absorption 
maximum for [Pt(tpy)Cl]Y for complexes 1-4. 
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 Expanding this data set, the shortest Pt…Pt distances for all [Pt(tpy-R)X]Y 
species measured are plotted versus absorption maxima in Figure 2.10. The tert-
butyl-terpyridine derivative [Pt(tbu3tpy)Cl]Cl (8) is included as an additional data 
point where no Pt…Pt interactions are present with a Pt-Pt distance of 4.9418(3) 
Å.82 Again, the data are scattered with no apparent trend or pattern. With the 
exception of 6, all absorption maxima for 1-7 are greater than 400 nm. Despite 
having an energy higher than 400 nm, the 351 nm absorption for 6 is assigned to 
a mixture of MLCT and MMLCT features due to the short P-Pt distance of 
3.4674(4) Å, suggesting that the 400 nm threshold cannot be used to evaluate 
[Pt(tpy)Br]Y systems.  The absorption maximum for 8 is 375 nm and is assigned 
to a MLCT feature due to the absence of metal-metal interactions. 
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Figure 2.10. Plot of Pt-Pt distance versus solid-state absorption maximum for 
[Pt(tpy-R)X]Y for complexes 1-4, 6, and 8. 
 
 In summary, the relationship between Pt-Pt distance and solid-state 
absorption maxima for [Pt(tpy)Cl]Y complexes 1-4 suggests that absorption 
energies greater than 400 nm may be indicative of MMLCT absorption. The 
absorption maxima of [Pt(tpy)Br]Y (6) and [Pt(tbu3tpy)Cl]Cl (8), however, are less 
than 400 nm. Because 8 lacks Pt…Pt interactions but 6 clearly has them based 
on Pt…Pt distances, there may be some variation in MMLCT absorption bands 
as a function of the X ligand and tpy substitution. The role of the short and long 
Pt…Pt distances in the pair-wise stacking motif on the MMLCT energy is unclear 
with no observed patterns in this data set.  
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2.4 Summary and Conclusions 
Placing the conclusions of this data set (both the structural and solid-state 
absorption analysis) in the context of synthesizing molecules to access low 
energy absorptions via the MMLCT band, simply nanoengineering [Pt(tpy)X]Y 
materials for short Pt…Pt contacts (<3.5 Å) is not sufficient. The diffuse 
reflectance data analysis of the [Pt(tpy-R)X]Y library here shows this to be true 
with the data point of complex 6, which displays a short distance between 
neighboring platinum centers but does not have a low energy MMLCT band that 
is significantly red-shifted from the MLCT band. However, what this data set has 
shown is that when screening new [Pt(tpy)X]Y compounds for possible Pt…Pt 
contacts, a rapid measurement of the solid-state absorption using diffuse 
reflectance can be used. All complexes with Pt-Pt distances < 3.4 Å also show a 
MMLCT absorption feature greater than 400 nm. Therefore, this 400 nm mark 
can be used as an indicator of MMLCT absorption bands resulting from close 
contact between neighboring platinum atoms. When characterizing new 
[Pt(tpy)X]Y complexes whose structures cannot be determined, all solid-state 
absorption bands greater than 400 nm can be tentatively assigned to MMLCT 
features, while those less than 400 nm need structural data for an accurate 
assignment to be made. Furthermore, when designing new [Pt(tpy)X]Y materials 
for low energy MMLCT features, a desired property of new chromophores for use 
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in dye-sensitized solar cells, complexes with a Pt…Pt distance < 3.4 Å should be 
pursued.    
 Though diffuse reflectance can be used as a screening tool for MMLCT 
energies greater than 400 nm, it cannot be used to comment on the packing 
motif of the complex (pair-wise, zig-zag, or infinite) or predict Pt…Pt distances. 
Therefore, the need to develop a method for Pt…Pt characterization besides 
crystallography remains. Solid-state 195Pt NMR may be used to investigate the Pt 
environment of the [Pt(tpy)X]Y complexes studied here. Additionally, time-
resolved absorption measurements on single crystals may be able to identify 
differences between the absorptions of pair-wise, zig-zag, and infinite stacking 
motifs.  
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Chapter 3. Chains of [Pt(tpy)X][AuX’2] double salts 
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3.1 Introduction 
 3.1.1. Platinum-gold double salts 
 Platinum is not the only metal center that has been shown to form chains of 
atoms formed through short intermolecular M-M contacts. The attraction between 
two metal centers was first noted with gold centers in the cluster complex 
[(Ph3PAu)6C]2+ and termed aurophilicity.89, 90 Since this initial empirical 
observation, similar M-M interactions have been observed between other closed 
shell (d10-d10),91, 92 closed sub-shell (d8-d8)93, and mixed (d10-d8)88, 94-98 electronic 
configurations. The umbrella term “metallophilicity” is used to describe this 
attraction between two metal centers.54 A survey of the literature reveals a wealth 
of metallophilic examples in homometallic systems such as AuI…AuI 
interactions91, 92 or PtII…PtII combinations84 and a few examples of interactions 
between heterometallic derivatives, such as PtII…AuI,88 AuI…AgI,99 and AuI…TlI 
pairings.100 
 Among these examples of heterometallic systems is the work of the Doerrer 
group with Pt…Au double salt complexes of the form [M]+[M’]- composed of 
heavy-metal containing cations and anions, [Pt]+ and [Au]-.83, 84, 88, 93 These 
double salts were developed in a bottom-up approach to atomically thin, linear 
arrays of metal atoms with electrostatically arranged alternating [Pt]+ and [Au]- 
units. Such highly anisotropic structures have been of interest for many years as 
potentially electronically conducting materials. 53  
 Close contact between neighboring metal ions is essential for efficient, low-
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barrier electron transport through these nanowires. To facilitate this proximity, the 
following guidelines were imposed in the [Pt]+[Au]- system development: 1) both 
[Pt]+ and [Au]- units must contain closed shell or pseudo-closed shell electronic 
configurations that favor metallophilic contacts, 2) both cation and anion units 
must have linear or square planar geometries to minimize steric hindrance, and 
3) both cation and anion units must be singly charged for solubility purposes. 
Adhering to these guidelines with PtII cations and AuI and AuIII anions requires 
the general Pt-Au double salt composition [PtL3X]+[AuIX’2]- or [PtL3X]+[AuIIIX’4]-, in 
which L is a neutral donor and X is a singly anionic edonor. These forms should 
give rise to the 1D chains of Pt and Au atoms depicted in Scheme 3.1.  
 
 
Scheme 3.1. Proposed one-dimensional chains of Pt-Au atoms in generic 
[PtL3X]+[AuX’2]- (top) and [PtL3X]+[AuX’4] (bottom) double salts. 
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 Building upon already established [PtL3X]+ chemistry, the [Pt(tpy)X]+ 
skeleton was selected as the cation component of the double salt. As presented 
in Chapters 1 and 2, this moiety has participated in metallophilic interactions with 
itself on numerous occasions. Only commercially available sources were 
considered for the anionic component. This combination of building blocks led to 
the successful synthesis and characterization of a large family of double salts of 
the form [Pt(tpy)X][AuIX’2] (in which X=X’=Cl (1CH3CN), X=X’=Br (2DMSO),  
X=X’=I (3), and X=Cl, X’=CN (4)) and [Pt(tpy)Cl][AuIIIX’4] (in which X’=Cl (5) and 
Br (6)) (Scheme 3.2).83, 84, 101  
 
 
 
Scheme 3.2. [Pt(tpy)X][AuIX’2] and [Pt(tpy)Cl][AuIIIX’4] double salts.83, 84, 101  
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 All six complexes were prepared with from a metathesis reaction between 
[Pt(tpy)X]Y and E[AuXn’] salts in water such that only the desired [Pt][Au] double 
salt precipitated, as demonstrated in Scheme 3.3.83, 84, 101 Crystal structures of 
compounds 1-4 were obtained, however, no structures were obtained for 5 and 
6, only analytical data. 
 
 
Scheme 3.3. Metathesis reaction used to prepare [Pt][Au] double salts.83, 84, 101  
  
 The inability to isolate crystals of 5 and 6 was likely due to oxidation of the 
PtII center to PtIV by the AuIII center, leading a mixture of products, 
indistinguishable by elemental analysis, [PtII(tpy)X][AuIIIX’4] and 
[PtIV(tpy)X3][AuIX’2].82 Oxidation of PtII by AuIII was identified in the 
tertbutylterpyridine derivative, [Pt(tBu3tpy)Cl]Cl, in which mixture with K[AuCl4] 
lead to a mixture of [PtII(tBu3tpy)Cl][AuIIICl4] and [PtIV(tBu3tpy)Cl3][AuICl2] 
materials as determined from ESI-MS and 195Pt NMR.82  
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 The [Pt][Au] double salts in which X=X’=Cl, Br (1, 2) give the same crystal 
packing motif in which an infinite chain of metal atoms forms with a repeating 
timeric {[Pt][Au][Pt]}+ moiety instead of the predicted {[Pt]+[Au]-} one depicted in 
Scheme 3.1.83, 101 Scheme 3.4 shows a generic representation of the 
{[Pt(tpy)X][AuX’2][Pt(tpy)X]}+ packing motif with two repeat units present. Each 
repeat unit includes an [AuX’2]- anion sandwiched between two [Pt(tpy)X]+ 
cations. The Pt-Au-Pt angle is linear in both 1 and 2 with angles of 180.00(1) and 
180.0(1)°, respectively. Two neighboring [Pt(tpy)X]+ species arrange in a head-
to-tail fashion with near linear Pt-Pt-Au angles of 165.10(1) and 173.93(1)° for 1 
and 2 respectively. The remaining [AuX’2]- anions (not shown) lie outside of the 
linear arrangement and do not make any close contacts with it. Complex 1 has 
one equivalent of CH3CN between the chains with the second [AuCl2]- anion, and 
2 similarly includes a DMSO solvent molecule with no close interactions.  
 
 
Scheme 3.4. Trimeric {[Pt(tpy)X][AuX’2][Pt(tpy)X]} repeat unit for compounds 1 
and 2. The [AuX’2]- anions and solvent molecules are not shown.83, 101  
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 The dashed lines in Scheme 3.4 serve to highlight the formation of the 
metal atom chain in 1 and 2 via metallophilic interactions. All intermetallic 
distances (Pt-Au and Pt-Pt) are listed below in Table 3.1.83, 101 Both 1 and 2 form 
metallophilic Au-Pt and Pt-Pt contacts with distances shorter than the sum of 
their van der Waals radii (3.4 Å)102. Interestingly, the bromide derivative (2) forms 
closer Pt…Pt contacts than the chloride (1) but not closer Pt…Au contacts. Thus 
the differences in metallophilic interactions among this subset of complexes 
cannot simply be dependent on the size of the X’ halide but must also have some 
electronic component. 
 Compound 3 does not form a chain of metal atoms but instead forms pairs 
of [Pt]+ cations and pairs of [Au]- anions.84 As shown in Scheme 3.5 with dashed 
lines, the closest contact between the cations is between the Pt centers with a 
Pt-Pt distance of 3.5279(5) Å, while the closest contact between the anions is 
between the Au and I atoms. The Pt-Au distance is a long 4.2546(4) Å (Table 
3.1). 
 
Scheme 3.5. Crystal packing of [Pt(tpy)I][AuI2], 3.84 
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Table 3.1. Au…Pt and Pt…Pt distances for complexes 1-4.83, 84, 101 
Complex Au…Pt (Å) Pt…Pt (Å) 
[Pt(tpy)Cl][AuCl2], 1 3.2684(1) 3.4535(7) 
[Pt(tpy)Br][AuBr2], 2 3.3361(5) 3.4335(6) 
[Pt(tpy)I][AuI2], 3 4.2546(4) 3.5279(5) 
[Pt(tpy)Cl][Au(CN)2], 4 3.349(1)  
[Pt(tpy)Cl]2[AuCl2][AuCl4], 7 3.284(1) 3.447(1) 
[Pt(tpy)Br]2[AuBr2][AuBr4], 8 3.318(1) 3.448(2) 
[Pt(tpy)(CN)][AuCl(CN)], 9 3.340  
 
 Substituting the halogen X’ ligand with the pseudohalogen cyanide (4) 
yields the originally sought-after crystal packing arrangement of alternating [Pt]+ 
and [Au]- units.101 As shown in Figure 3.1, an infinite chain of Pt-Au atoms is 
formed between the [Pt(tpy)Cl]+ and [Au(CN)2]- units. The separation between 
the two metal centers is 3.349(1) Å.  Unlike the structural motifs of 1-2 and 3, the 
alternating cation units are oriented head-to-head with π-π interactions between 
terpyridine ligands of adjacent [Pt(tpy)(CN)]+ cations as shown in Figure 3.2. 
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Figure 3.1. ORTEP of infinite chain of Pt-Au atoms formed in 
[Pt(tpy)Cl][Au(CN)2], 4.101 
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Figure 3.2. Terpyridine π-π interactions (C(15)-C(8)=3.339(9) Å between 
adjacent [Pt(tpy)(CN)]+ cations in [Pt(tpy)(CN)][Au(CN)Cl], 4.101  
 
 Though 1-6 were obtained via precipitation from the metathesis reaction 
shown in Scheme 3.3, further purification was not straightforward.101 The 
composition of the double salts proved to be sensitive to recrystallization 
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conditions (both solvent and temperature). Recrystallization of 5 and 6 in hot 
DMF gave a mixture of AuIII and AuI components of the form 
[Pt(tpy)Cl]2[AuIX’2][AuIIIX’4] in which X’ = Cl (7) and Br (8), respectively.101 Both 
complexes were structurally characterized and found to form the same packing 
motif as 1 and 2 (Scheme 3.4) with chains of metal atoms formed from the 
repeating trimers {[Pt(tpy)Cl][AuIX’2][Pt(tpy)Cl]}+.101 Short Pt…Au distances of 
3.284(1) Å (7) and 3.318(1) Å (8) and short Pt…Pt distances of 3.447(1) Å (7) 
and 3.448(2) Å (8) indicate metallophilic Pt-Au and Pt-Pt interactions for both 
systems.101 The Pt-Au distances for 7 and 8 are slightly shorter than those in 
their structural analogues 1 and 2, while the Pt-Pt distance is slightly shorter for 7 
relative to 1 and 8 is slightly longer relative to 2. Again, both the counteranion, 
[AuIIIX’4]-, and solvent molecules, DMF, lay outside of the infinite chain of metal 
atoms with no interactions observed.101  
 Related sensitivity was observed for 4 in which recrystallization from hot 
CH3CN gave red crystals composed of [Pt(tpy)(CN)][Au(CN)Cl] (9), which is the 
ligand scrambled product of 4 with the same packing motif and a Pt…Au distance 
of 3.340 Å, which is effectively the same as that of 4 (3.349(1)).101  
 One of the main requirements for 1-D chains of metal atoms is that they be 
robust to many conditions, including high temperatures. Considering the [Pt][Au] 
double salts discussed above are not tolerant to high temperature such that 
ligand scrambling between halides and redox chemistry between PtII and AuIII 
centers occur, they are not ideal candidates for molecular wires. However, the 
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general [Pt(tpy)X]+[Au]- format remains an ideal skeleton for wire construction 
due to the proven ability of PtII d8 and AuI d10 to form metallophilic interactions 
with each other, thus a new [Au]- component must be chosen. The previously 
listed guidelines meant to ensure close contact between neighboring metals in 
double salts are also imposed here. An additional guideline is also imposed; the 
[Au]- unit must be robust to high temperatures such that no ligand scrambling and 
no undesired redox chemistry occur.  
 3.1.2. Metallophilic interactions with [Au(C6F5)2]- 
 The well-studied organometallic moiety bis-pentafluorophenyl aurate(I), 
[Au(C6F5)2]-, (Scheme 3.6) developed by Uson et al.103, 104 satisfies all of the 
guidelines listed above. The AuI center has a closed d10 electron configuration 
and is coordinated to two pentafluorophenyl groups in a linear geometry. In 
addition to being singly anionic, the fluorinated ligands provide increased 
solubility in organic media. With respect to its temperature stability, once formed, 
the organoaurate bond is stable and the Au(I) center is less susceptible to redox 
chemistry. 
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Scheme 3.6. Bis-pentafluorophenyl aurate(I), [Au(C6F5)2]-, anion prepared by 
Uson et al.103, 104. 
 
 Since its original preparation and characterization in the early 1980s, the 
robustness of the [Au(C6F5)2]- unit has been well demonstrated by the chemical 
community. Additionally, the rich photophysical behavior derived from its 
involvement in metallophilic interactions within heterometallic systems has 
garnered much interest for its potential application in microelectronics. This topic 
has been the focus of several review articles.105-107  
 The first example of a heterometallic metallophilic chain came in 1998 with 
the report of the complex [Tl(OPPh3)2][Au(C6F5)2].100 Crystallographic 
characterization showed the formation of a chain structure composed of 
alternating thallium and gold atoms, as shown in Scheme 3.7. The OPPh3 and 
C6F5 ligands have been simplified to L and X, respectively, for clarity. As can be 
seen below, each Au has a linear coordination environment while the Tl sits in a 
distorted pseudo-trigonal monopyramidal environment. There are two unique 
Tl…Au distances (3.0358(8) and 3.0862(8) Å) present in the chain structure. 
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Both distances are shorter than the sum of the van der Waals radii for the two 
metal centers (3.62 Å), thus the chain is constructed from unabridged 
metallophilic contacts between the metal centers. Photophysical characterization 
showed a MMLCT emission in the solid-state but not in solution, which suggests 
that the chain structure does not hold together in solution.  
 
 
Scheme 3.7. Chains of alternating Au and Tl atoms formed by [TlL2][AuX2] in 
which L = OPPh3 and X = C6F5.100 
 
The versatility of the metallophilic interactions formed from the generic 
[TlL2][Au(C6F5)2] combination was demonstrated with the preparation of 
[Tl(bpy)2][Au(C6F5)2] (bpy=4,4’-bipyridine).108 Unlike the example in Scheme 3.7, 
a dimer of [Au(C6F5)2]- moieties formed with [Tl(bpy)2]+ moieties capping both 
ends of the dimer (Figure 3.3). Both [Au(C6F5)2]- anions are near linear with a C-
Au-C angle of 177.6(1), while both [Tl((bpy)2]+ cations are trigonal bipyramidal 
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with a vacant equatorial site and an N-Tl-N angle of 89.25(8)°. The [Tl(bpy)2]+ 
plane is perpendicular to the [Au(C6F5)2]- one with a N-Tl-Au angle of 96.27°.  
The structure is supported by a long Au…Au distance of 3.4092(3) Å and a short 
Tl…Au distance of 3.0161(2) Å. Similar to the Tl(OPPh3)-containing complex, 
only solid-state emission was observed, indicating that the excited state involved 
solid-state M-M interactions. The observed emission profile was vibronic in 
shape, suggesting a mixture of excited states. A time-dependent density 
functional theory (TD-DFT) analysis assigned the emission to a mixture of a 
ligand-to-metal-metal charge transfer (LMMCT) and a MLCT.   
 
Figure 3.3. Structural representation of asymmetric unit of 
[Tl(bpy)2][Au(C6F5)2].108 
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The combination of these two reports demonstrates the ability of 
[TlL2][Au(C6F5)2] complexes to form two different structural motifs depending on 
the L group used. In the OPPh3 example, an infinite chain of alternating Tl and Au 
atoms forms, with a single MMLCT excited state in the solid-state. With 4,4’-
bipyridine, a small chain of four metal atoms (Tl-Au-Au-Tl) is formed because the 
two bpy ligands prevent elongation of the chain beyond four atoms. Though an 
infinite chain of interactions is not formed, the Tl…Au interactions give rise to a 
LMMCT excited state. Both structural motifs give rise to solid-state metallophilic 
interactions between gold and thallium metal centers and a metal-metal related 
excited state. 
Expanding upon heterometallic [Au(C6F5)]- chemistry, [ML][Au(C6F5)2] (M = 
AgI and CuI)109, 110 complexes were prepared. Two independent reports with AgI 
of [Au2Ag2(C6F5)4(L)2] (L = acetone109 or acetonitrile110) compounds yielded the 
same tetranuclear structural arrangement shown at the top of Figure 3.4 (left) 
with L=acetone. The tetramer is formed from two central Ag atoms and two 
flanking Au atoms. Both Au centers are coordinated to two pentafluorophenyl 
groups in a linear geometry, and the two Ag centers are coordinated to a single 
acetone molecule. Each Au center forms two metallophilic Au…Ag interactions, 
and the Ag centers form a metallophilic Ag…Ag interaction. All metallophilic 
distances for L=acetone and acetonitrile are listed in Table 3.2 Neighboring 
tetramers are connected through aurophillic contacts as shown in Figure 3.4 
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(right), and the Au-Au distances are listed in Table 3.2. The structure is further 
stabilized by π-π interactions between adjacent C6F5 ligands as shown in Figure 
3.4, right. 
 
 
Figure 3.4. Tetranuclear [Au2Ag2(C6F5)4(acetone)2] unit (left) and aurophilic and 
π-π interactions between adjacent [Au(C6F5)2]- anions (left).109  
 
 Both complexes have emission bands centered at 546 nm and 547 nm 
for L = acetone and acetonitrile, respectively, assigned to a MMLCT transition 
arising from the Au-Au interactions in the structure. A DFT analysis on the 
hydrogenated dimer, [Au2(C6H5)4Ag2]4, showed that the HOMO is mainly 
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localized on the two adjacent Au centers, (Figure 3.4, right), which is consistent 
with a Au-based 5dz2σ* assignment. The LUMO is mainly localized between the 
two Au centers, consistent with a 6pσ assignment, while the LUMO+1 is localized 
mainly on the Ag centers. A TD-DFT analysis showed the emission to be a mix 
between HOMO-LUMO and HOMO-LUMO+1 transitions, which was assigned to 
an Au-based 5dz2σ*→6pσ transition arising from the aurophilic interaction, with 
some contribution from the Ag-Au bonding orbital. 
 
Table 3.2. M-M distances for [Au2Ag2(C6F5)4(L)2] structures. 
 L = acetone109 L = acetonitrile110 
Au…Ag (Å) 2.7829(9) 2.7577(5) 
Au…Ag (Å) 2.7903(9) 2.7267(5) 
Ag…Ag (Å) 3.1810(13) 3.1084(10) 
Au…Au (Å) 3.1674(11) 2.8807(4) 
 
The CuI analogue, [Cu2Ag2(C6F5)4(L)2] (L = acetonitrile) was prepared110 
and found to be the structurally similar to the silver derivative (Figure 3.5), with 
the exception that no cuprophilic interactions were observed. The long Cu-Cu 
distance of 3.0197(11) Å is significantly longer than the sum of the van der Waals 
radii of two copper centers (2.8 Å). Both Au…Cu distances are similar at 
2.5741(6) and 2.5876(5) Å, while the Au…Au distance is slightly longer than the 
96 
 
Ag-derivative (Table 3.11) at 2.9129(3) Å. The complex is emissive at 570 nm, 
slightly red-shifted relative to the Ag derivative. Again, with TD-DFT analysis, this 
excitation was assigned to a MMLCT arising from a tetranuclear transition which 
mostly derived from an aurophillic 5dz2σ*→6pσ transition with some mixing from 
the Cu-Au bonding orbital.  
 
 
Figure 3.5. Infinite array of tetramers formed from [Cu2Ag2(C6F5)4(CH3CN)2]. 
CH3CN molecules not shown. 
 
In summary, the promiscuous [Au(C6F5)2]- moiety forms metallophilic 
interactions with TlI, AgI, and CuI metal centers with a variety of extended 
structures. For [Tl(L)2][Au(C6F5)2] systems, both an infinite chain of alternating Tl 
and Au atoms and a tetranuclear block of Tl-Au-Au-Tl centers is formed 
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depending on the L group used. In the case of the coinage metals (AgI and CuI), 
tetranuclear structures form with an abundance of metallophilic interactions 
extending to infinity through aurophilic interactions. Furthermore, all examples 
listed can be classified as donor-acceptor acid-base reactions between an 
electron-donating Lewis base ([Au(C6F5)2]-) and an electron-accepting Lewis acid 
(TlI, CuI, and AgI salts). 
 Exploiting this acid-base reaction scheme, the Lewis acid [Pt(tpy)X]+ has 
been paired with the Lewis base [Au(C6F5)2]- for the attempted formation of 
nanowires composed of [Pt][Au] double salts. A d8 metal center had not been 
paired with the [Au(C6F5)2]- moiety prior to this work, but the potential for 
metallophilic interactions was clear as shown in Chapters 1 of 2 of this thesis. 
Combining both the background of [Pt(tpy)X][AuX’2] double salts presented 
in section 3.1.1., and the propensity of the organoaurate species [Au(C6F5)2]- to 
form metallophilic interactions with Lewis acids presented in section 3.1.2., the 
following [Pt][Au] double salts were prepared: [Pt(tpy)(CN)][Au(CN)2], 10, and the 
family [Pt(tpy)X][Au(C6F5)2] (X = Cl, 11, Br, 12, and I, 13). Synthesis of the 
compound  [Pt(tpy)(CN)][Au(C6F5)2] was also attempted, but the mixture 
[Pt(tpy)(CN)2]2[Au(C6F5)2](PF6), 14, was formed under the conditions used. 
Representations of all the complexes prepared for this study are shown in 
Scheme 3.8. The work in this Chapter has been published.55, 78  
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Scheme 3.8. [Pt(tpy)X][AuX’2] (10-14) double salts prepared. 
 
3.2 Experimental   
3.2.1 General considerations 
Dichloro(1,5-cyclooctadiene)-platinum (II), KBr, KI, KPF6, KAuIIICl4, and 
2,2’:6’,2;-terpyridine were purchased from Sigma Aldrich Chemical Co. and used 
as received. KAuI(CN)2 and AgICN were purchased from Strem Chemicals, Inc. 
and used as received. Spectral grade acetonitrile (CH3CN) was purchased from 
Fischer Scientific and distilled before use from CaH2 under N2. All other spectral 
grade reagents were used without further purification. [Pt(tpy)Cl]Cl], 
[Pt(tpy)(CN)]PF6, and [Pt(tpy)Br]Br, and were prepared according to the methods 
described in the experimental section of Chapter 2 (2.2.2). [Pt(tpy)I]I84, 
[Au(SC4H8)Cl]111, and Bu4N[Au(C6F5)2]103, 112 were prepared according to 
literature methods.  
3.2.2 Syntheses  
[Pt(tpy)(CN)][Au(CN)2], 10. A concentrated red solution was made by 
dissolving [Pt(tpy)(CN)]PF6 (55.4 mg, 0.0924 mmol) in approximately 5 mL warm 
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DMF. A concentrated aqueous solution (2 mL) of K[Au(CN)2] (27.1 mg, 0.0924 
mmol) was added to the red solution, and a red solid formed. The suspension 
was stirred overnight, isolated via vacuum filtration, and washed with diethyl 
ether to obtain the product in 77.2% yield (50.2 mg). Red blocks suitable for 
single crystal X-ray diffraction were grown via vapor diffusion of diethyl ether into 
concentrated DMF. Anal. Calc. for PtAuC18H11N6: C, 30.74; H, 1.58; N, 11.95. 
Found: C, 30.72; H, 1.49; N, 11.84%. ESI-MS: m/z (%) 454.0 (100) [M+]; 249.0 
(100) [M-]. IR (cm-1) 3424 (s), 3043 (s), 2359 (m), 2341 (m), 2138 (s), s131 (s), 
1611 (s), 1481 (s), 1442 (s), 1320 (s), 1250 (s), 1174 (s), 1019 (m), 953 (s), 777 
(s).  
[Pt(tpy)Cl][Au(C6F5)2], 11. Solid Bu4N[Au(C6F5)2] (103.7 mg, 0.100 mmol) 
was added to a stirred orange solution of [Pt(tpy)Cl]Cl (54.5 mg, 0.100 mmol) in a 
5:1 CH3CN:H2O mix.  A yellow precipitate formed immediately upon the addition. 
The resulting slurry was stirred for 12 h at room temperature. The yellow product 
was isolated via filtration, washed with three 5 mL portions of CH2Cl2, and 
recrystallized from hot CH3CN to give a yellow microcrystalline solid (87.8 mg, 
88% yield). Yellow needles suitable for X-ray diffraction were grown via 
evaporation of a dilute DMF solution. Anal. Calc. for PtAuC27H11N3F10Cl: C, 
32.60; H, 1.11; N, 4.22; F, 19.09. Found: C, 32.48; H, 1.27; N, 4.27; F, 19.02%. 
ESI-MS: m/z (%) 462.9 (100) [M+]; 530.7 (100) [M-]. UV-vis (DMF) 
[λmax, nm (ε, M-1, cm-1)]: 334 (13,100), 326 (9790), 351 (10,030), 379 (2380).  
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[Pt(tpy)Br][Au(C6F5)2], 12. The yellow powder [Pt(tpy)Br]Br (65.0 mg, 0.11 
mmol) was dissolved in a 10:2:1 mixture of CH3CN:DMSO:H2O to form a yellow 
solution. Upon addition of an equimolar amount of Bu4N[Au(C6F5)2] (114.0 mg, 
0.11 mmol) to the solution, a yellow precipitate formed and was isolated via 
vacuum filtration. The yellow solid was obtained in 69.9% yield (56.2 mg) after 
washing with diethyl ether and recrystallization from hot CH3CN to give yellow X-
ray quality needles. Anal. Calc. for PtAuC27H11N3F10Br: C, 31.20; H, 1.07; N, 
4.04; F, 18.03. Found: C, 31.14; H, 0.97; N, 4.03; F, 18.33. ESI-MS: m/z (%) 508 
(100) [M+]; 531 (100) [M-]. UV-vis (DMF) [[λmax, nm (ε, M-1, cm-1)]: 335 (20,100), 
353 (15,800), 382 (shoulder) (3260). 
[Pt(tpy)I][Au(C6F5)2], 13. Red [Pt(tpy)I]I (122.9 mg, 0.18 mmol) was 
dissolved in a 10:2:1 mixture of CH3CN:DMF:H2O to form an orange solution. 
Upon addition of equimolar Bu4N[Au(C6F5)2] (187.0 mg, 0.18 mmol), a yellow 
precipitate formed and was isolated via vacuum filtration. After washing with 
diethyl ether, the yellow solid was recrystallized from hot CH3CN and isolated as 
orange needles suitable for X-ray diffraction in 69.9% yield (173.8 mg). Anal. 
Calc. for PtAuC27H11N3F10I: C, 29.85; H, 1.02; N, 3.87; F, 17.49. Found: C, 29.98; 
H, 1.02; N, 3.82; F, 17.82. ESI-MS: m/z (%) 555 (100) [M+]; 531 (100) [M-]. UV-
vis (DMF) [[λmax, nm (ε, M-1, cm-1)]: 331 (11,300), 349 (10,100), 427 (1850).  
 [Pt(tpy)(CN)]2[Au(C6F5)2](PF6), 14. A concentrated red solution of 
[Pt(tpy)(CN)]PF6 was made by dissolving 18.7 mg (0.0304 mmol) of solid in 
101 
 
approximately 2 mL of DMF. A concentrated solution of Bu4N[Au(C6F5)2] (30.9 
mg, 0.0304 mmol) in approximately 2 mL of CH3CN was added to the red 
solution, and a yellow/orange solution formed immediately. After a few hours, a 
light yellow solid precipitated from the mixture. The suspension was stirred for 12 
h, and approximately 10 mL of H2O were added to precipitate more yellow solid. 
The yellow solid was isolated via vacuum filtration, washed with acetone, and 
recrystallized as yellow blocks from vapor diffusion of diethyl ether into DMF in 
28.3% yield (8.5 mg). Anal. Calc. for Pt2AuC44H22N8PF16: C, 33.35; H, 1.40; N, 
7.07. Found: C, 33.46; H, 1.20; N, 7.06%. ESI-MS: m/s (%) 454.0 (100) [M+]: 
530.7 (100) [M-], 145.0 (100) [M-].  
 3.2.3 Physical methods  
 All mass spectra were collected using an Agilent 1100 LC/MSD with 
electrospray ionization (ESI) and atmospheric pressure chemical ionization 
(APCI) sources. IR spectra were recorded from neat powders utilizing a Nicolet 
Nexus 670 FT-IR spectrometer with a SMART MIRacle attchment. Elemental 
analyses were performed by Quantitative Technologies Inc. (QTI, Whitehouse, 
NJ 08888).  
 Absorption spectra were collected on a Shimadzu 3600 UV-vis-NIR 
spectrophotometer. Emission spectra were measured using a Jobin Yvon Horiba 
FluoroMax 3 fluorimeter. All diffuse reflectance spectra were collected using a 
Shimadzu UV3600 UV-vis-NIR spectrophotometer equipped with a Praying 
Mantis™ diffuse reflection accessory purchased from Harrick Scientific Products 
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Inc. Prior to measurement, all samples were ground to a fine powder using an 
agate mortar and pestle and measured against a densely packed, flat surface of 
finely ground BaSO4. 
 Solid-state luminescence spectroscopy was performed by collaborators 
Tania Lasanta and Jose M. López-de-Luzuriage at the Universidad de La Rioja in 
Logroño, Spain. Excitation and emission spectra were recorded with a Jobin-
Yvon Horiba Fluorolog 3-22 Tau-3 spectrofluorimeter. Lifetime measurements 
were recorded with a Datastation HUB-B with a nanoLED controller and software 
DAS6. The nanoLEDs employed for lifetime measurements were of 370 and 450 
nm with pulse lengths of 0.8-1.4 ns. The lifetime data were fitted using the Jobin-
Yvon software package. Measurements at 77 K were done using an Oxford 
Cryostat Optistat DN with an accessory for solid samples.  
   3.2.4 X-ray crystallographic studies 
 All data collection and structure solutions were performed by the Arnold 
Rheingold group at the University of California San Diego (UCSD). A summary of 
the crystal data collection and refinement parameters for all compounds is given 
in Table 3.3. Selected interatomic distance and angles are given in Table 3.4. All 
data were collected on APEX-CCD-detector equipped Bruker diffractometers. All 
structures were solved by heavy-atom methods, and the remaining non-hydrogen 
atoms were located from subsequent difference maps. Data for compound 13 
were corrected for absorption using numerical methods, and all other structures 
were corrected for absorption using semiempirical, multiscan methods. All 
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structures were refined with anisotropic thermal parameters for all non-hydrogen 
atoms; hydrogen atoms were treated as idealized contributions. All software is 
contained in various libraries (SHELXTL, SMART, and SAINT) maintained by 
Bruker AXS, Madison, WI.85 
 
3.3. Results and discussion 
 3.3.1 Syntheses 
 All five complexes were prepared from a metathesis reaction similar to that 
described in Scheme 3.3 in an organic medium for solubility reasons. The 
syntheses were optimized using a mixture of solvents to dissolve both [Pt(tpy)X]Y 
and Bu4N[Au(C6F5)2] starting materials such that only the [Pt][Au] double salt 
would precipitate from solution, allowing it to be readily separated from the other 
salt byproduct for further purification. The metathetical route and conditions used 
for the preparation of the double salts are presented in Scheme 3.9 and 
separated into two reaction pathways, (a) and (b), for the [Au(CN)2]- and 
[Au(C6F5)2]- anions, respectively. Reaction pathway (a) was followed for the 
preparation of complex 10, while reaction pathway (b) was followed for 
complexes 11-13. Due to limited solubilities of the [Pt(tpy)X]Y species for X=Y=Br 
and I, a cocktail of solvents was required for dissolution and subsequent 
metathesis. An additional washing step with CH2Cl2 was used for 11-13 to wash 
away any unreacted Bu4N[Au(C6F5)2]. Following precipitation, washing, and 
vacuum drying, all complexes were easily recrystallized from hot solvents to give 
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needles suitable for single crystal X-ray diffraction. As expected based on the 
[Au(C6F5)2]- literature, dissolution of 11-14 inorganic media was much more facile 
than the pseudo-halogen [AuX’2]- derivatives due to the extensive fluorination of 
the aryl ring in the anion. Furthermore, the robustness and integrity of the 
[Au(C6F5)2]- anion were demonstrated with no ligand scrambling or redox 
chemistry observed under the reaction and recyrstallization conditions, which 
included elevated temperatures.  
 
 
  
Scheme 3.9. Metathesis reactions used to prepare 10 (pathway a) and 11-13 
(pathway b).  
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 3.3.2 Structural analysis 
 Crystal data collection and refinement parameters for complexes 10-14 are 
presented in Table 3.3, and selected interatomic distances and angles are 
provided in Table 3.4.  
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Table 3.3. Summary of X-ray data collection parameters.  
 10 11 12 13 14 
Formula C18H11N6PtAu C27H11ClF10N3PtAu C27H11BrF10N3PtAu Pt2Au2C54N6H22F20I2 C44H22N8F16PAuPt2 
Weight 703.36 994.89 1039.35 2172.69 1584.81 
Crystal 
system 
Orthorhombic Monoclinic Monoclinic Monoclinic Triclinic 
Space 
group 
Cmc21 P21/c P21/c P21/c P1 
Unit cell 
dimensions 
     
a (Å) 6.4098(3) 22.6983(12) 22.7955(19) 14.4040(9) 7.975(3) 
b (Å) 13.5456(6) 6.7619(4) 7.7848(6) 24.4020(15) 10.896(5) 
c (Å) 19.5115(8) 16.6367(9) 16.6706(14) 15.0590(10) 13.1841(6) 
α (°) 90 90 90 90 108.270(5) 
β (°) 90 100.1760(60) 100.128(2) 105.2240(11) 104.743(5) 
γ (°) 90 90 90 90 91.006(6) 
V (Å3) 1694.08 2513.3(2) 2538.1(4) 5107.3(6) 1046.3(8) 
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Table 3.3. Summary of X-ray data collection parameters, continued. 
 10 11 12 13 14 
Z, Z’ 4, 0.5 4 4 4 1 
ρ (g cm-3) 2.758 2.629 2.720 2.826 2.515 
M (Mo Kα) 
(mm-1) 
31.398 (Cu Kα) 11.597 12.953 12.519 10.324 
T (K) 100(2) 100(2) 123(2) 150(2) 100(2) 
R (F) (%)a 1.29 3.02 2.22 7.99 2.67 
R (wF2) 
(%)b 
3.25 4.17 5.20 13.80 5.55 
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Table 3.4. Selected interatomic distances and angles for complexes 10-14.  
 
Complex Distance Å Angle (°) 
10 Pt(1)-N(1) 1.967(3) N(1)-Pt(1)-N(2) 81.0(2) 
 Pt(1)-N(2) 2.027(6) N(1)-Pt(1)-N(3) 80.1(2) 
 Pt(1)-N(3) 2.036(6) N(2)-Pt(1)-N(3) 161.1(2) 
 Pt(1)-C(16) 1.973(7) N(1)-Pt(1)-C(16) 178.9(3) 
 Pt(1)…Au(1) 3.3305(2) N(2)-Pt(1)-C(16) 100.0(3) 
   N(3)-Pt(1)-C(16) 98.8(3) 
   C(17)-Au(1)-C(18) 178.69(3) 
11 Pt(1)-N(1) 2.017(3) N(2)-Pt(1)-Cl(1) 179.04(8) 
 Pt(1)-N(2) 1.941(3) N(1)-Pt(1)-N(3) 162.43(12) 
 Pt(1)-N(3) 2.021(3) C(16)-Au(1)-C(22) 174.86(14) 
 Pt(1)-Cl(1) 2.2977(9) Pt(1)-Au(1)-Pt(1) 99.58 
 Au(1)-C(16) 2.039(3)   
 Au(1)-C(22) 2.045(3)   
 Pt(1)…Au(1) 4.7470(3)   
 Au(1)…Pt(1) 4.091(2)   
12 Pt(1)-N(1) 2.018(3) N(2)-Pt(1)-Br(1) 178.70(10) 
 Pt(1)-N(2) 1.940(4) N(3)-Pt(1)-N(1) 162.66(14) 
 Pt(1)-N(3) 2.017(4) C(1)-Au(1)-C(7) 174.78(16) 
 Pt(1)-Br(1) 2.4069(5) Pt(1)-Au(1)-Pt(1) 100.94 
 Au(1)-C(1) 2.039(4)   
 Au(1)-C(7) 2.042(4)   
 Pt(1)…Au(1) 4.05741(3)   
 Au(1)…Pt(1) 4.7221(4)   
13 Pt(1)-N(1) 2.031(12) N(2)-Pt(1)-I(1) 179.4(4) 
 Pt(1)-N(2) 1.93(12) N(1)-Pt(1)-N(3) 161.2(5) 
 Pt(1)-N(3) 2.02(11) N(5)-Pt(2)-I(2) 177.9(3) 
 Pt(1)-I(1) 2.5819(11) N(4)-Pt(2)-N(6) 162.0(5) 
 Pt(2)-N(4) 2.036(14) C(31)-Au(1)-C(37) 177.6(7) 
 Pt(2)-N(5) 1.955(13) C(43)-Au(2)-C(49) 178.4(6) 
 Pt(2)-N(6) 1.991(14) Pt(2)-Pt(1)-Pt(1) 166.72(2) 
 Pt(2)-I(2) 2.5706(13) Pt(2)-Pt(2)-Pt(1) 158.55(2) 
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Table 3.4. Selected interatomic distances and angles for complexes 10-14, 
continued.  
Complex Distance Å Angle (°) 
 Au(1)-C(31) 2.060(15)   
 Au(1)-C(37) 2.074(15)   
 Au(2)-C(43) 2.040(16)   
 Au(2)-C(49) 2.055(15)   
 Pt(1)…Pt(2) 3.6817(8)   
 Pt(1)…Pt(1) 3.6376(7)   
 Pt(2)…Pt(2) 4.3046(9)   
14 Pt(1)-N(1) 2.019(3) N(1)-Pt(1)-N(2) 80.94(13) 
 Pt(1)-N(2) 1.962(3) N(1)-Pt(1)-N(3) 161.85(12) 
 Pt(1)-N(3) 2.024(3) N(2)-Pt(1)-N(3) 80.91(13) 
 Pt(1)-C(16) 1.977(4) N(1)-Pt(1)-C(16) 98.89(14) 
 Au(1)-C(17) 2.034(4) N(2)-Pt(1)-C(16) 179.79(15) 
 Pt(1)…Pt(1) 3.296(1) N(3)-Pt(1)-C(16) 99.26(14) 
 Pt(1)…Au(1) 3.907(2) C(17)#1-Au(1)-
C(17) 
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 Complex 10 is structurally analogues to 4 and crystalizes with alternating 
cation and anion units as depicted in Figure 3.6. There is only one type of each 
cation and anion with an intermetallic (Au-Pt) spacing of 3.3305(2) Å, which is 
slightly shorter than that of 4 whose Pt…Au distance is 3.349(1), and is shorter 
than any other reported to date.101 As seen in Chapter 1, 1.11, substitution of X in 
[Pt(tpy)X]+ complexes by more electron donating co-ligands (from Cl- to -OH to -
CCPh) destabilizes the Pt dz2 orbital.67, 68 As this orbital is the metal-based 
HOMO that participates in the metallophilic interaction, a rise in its energy tends 
to favor shorter M-M distances. Substitution of the chloride co-ligand in 4 with a 
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greater σ-donating, π-accepting cyanide in 10 appears to have the same effect, 
as the Pt-Au separation shrinks from 4 to 10.  
 
 
Figure 3.6. ORTEP of cation-anion stacking in [Pt(tpy)(CN)][Au(CN)2], 10, with 
50% displacement ellipsoids. The Pt…Au centers are separated by 3.3305(2) Å. 
Hydrogen atoms removed for clarity.  
 
 The asymmetric unit of 11 contains a single [Pt(tpy)Cl]+ and [Au(C6F5)2]- unit 
(Figure 3.7). In the cation, three nitrogen atoms of the terpyridine ligand occupy 
three coordination sites of the PtII center, and the chloride occupies the fourth 
coordination site. The PtII center sits in a square planar environment with an 
N(2)-Pt(1)-Cl(1) angle of 179.04(8)°. In the anion, the AuI center sits in a near 
linear environment between two aryl groups with a C(16)-Au(1)-C(22) angle of 
174.86(14)°.  
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Figure 3.7. ORTEP of asymmetric unit of [Pt(tpy)Cl][Au(C6F5)2], 11, with 50% 
displacement ellipsoids. Hydrogen atoms have been removed for clarity.  
 
 Despite the low steric bulk above and below the molecular plane in both the 
cation and anion, the Pt…Au distances (> 4 Å) are significantly larger than the 
sum of the van der Waals radii of the two metals (3.41 Å). The shortest contact 
between the anion and cation moieties, shown in Figure 3.8, occur between Pt(1) 
of the cation and C(21) of the anion, with alternating distances of 3.405(3) and 
3.399(3) Å. The terpyridine ligand of the cation sits directly on top of the aryl 
group of the anion, resulting in long Pt…Au distances (4.0901(2) and 4.7470(3) 
Å). The electrostatic attraction between the Pt(δ+) and Cortho(δ-) determines the 
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cation-anion alignment, shifting the gold atom of the anion to the side of the 
platinum atom, resulting in a zig-zag pattern between the metal centers with Pt-
Au distances outside of the sum of the two van der Waals radii.  
 
 
Figure 3.8. Extended stacking in [Pt(tpy)Cl][Au(C6F5)2], 11, showing close 
contacts between Pt(1) of the cation and C(21) of the anion with two 
crystallographically independent Pt-C distances of 3.405(3) and 3.399(3) Å. 
Hydrogen atoms removed for clarity.  
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 The packing of the complexes also exhibits π-stacking between the C6F5 
groups on adjacent anions (Figure 3.9). As shown in the figure, one-dimensional 
arrays of cations and anions line up parallel to one another with two sets of 
interacting aryl groups on either side.  
 
Figure 3.9. Stacked aryl groups from adjacent anions in [Pt(tpy)Cl][Au(C6F5)2, 
11. Coordination about platinum cations has been removed for clarity.  
 
 The structure of complex 12 is similar to that of 11. The asymmetric unit 
(Figure 3.10) contains one cation and one anion. The PtII centers sits in a square 
planar environment with a N(2)-Pt(1)-Br(1) angle of 178.79(10)°. In the anion, the 
AuI atom exhibits linear coordination with a C(1)-Au(1)-C(7) angle of 174.78(16)°.  
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Figure 3.10. ORTEP of asymmetric unit of [Pt(tpy)Br][Au(C6F5)2], 12, with 50% 
displacement ellipsoids. Hydrogen atoms removed for clarity.  
 
 The stacking pattern of 12 (Figure 3.11) is nearly identical to 11, with the 
terpyridine group of the cation positioned directly above the aryl group of the 
anion. Again, the closest contact between the two moieties is between Pt(1) and 
the ortho C(2) (3.387(4) and 3.435(5) Å), with the gold atoms shifted relative to 
the platinum center, resulting in long Pt…Au distances of 4.057(3) and 4.7221(4) 
Å. Similar to the chloride derivative, 11, the aryl groups from adjacent anions  in 
12 interact with each other, further stabilizing the infinite chain of ions, analogues 
to Figure 3.5. 
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Figure 3.11. Extended stacking of [Pt(tpy)Br)][Au(C6F5)2], 12, showing cose 
contacts between Pt(1) of the cation and C(2) and Au(1) of the anion. Hydrogen 
atoms removed for clarity.  
 
 The asymmetric unit of the iodide derivative, 13, is shown in Figure 3.12 
and contains two cations and two anions. Similar to the PtII environment reported 
for [Pt(tpy)I][AuI2],84 the Pt center of the cation is coordinated by three iimine 
groups from the terprydine ligand with the fourth coordination site occupied by 
iodide in a distorted square planar environment with an N(3)-Pt(1)-N(1) angle of 
161.2(5)°. The AuI center of the anion rests in an almost linear environment with 
an C(43)-Au(2)-C(49) angle of 178.4(6)°.  
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Figure 3.12. ORTEP of asymmetric unit of [Pt(tpy)I][Au(C6F5)2], 13, with 50% 
displacement ellipsoids. Hydrogen atoms removed for clarity.  
 
 Unlike complexes 11 and 12, the cations and anions in 13 do not stack 
according to electrostatic forces in an alternating fashion. Instead, as shown in 
Figure 3.13, the cations form a zig-zag array defined by three unique Pt…Pt 
distances of 3.6817(8) (Pt(1)-Pt(2)), 3.6367(7) (Pt(1)-Pt(1)), and 4.3046(9) Å 
(Pt(2)-Pt(2)). The first two intermetallic distances between Pt(1)-Pt(2) and Pt(1)-
Pt(1) are slightly longer than the sum of the van der Waals radii for the two metal 
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centers, and therefore could be considered weak metallophilic interactions. The 
zig-zag chain of the [Pt(tpy)I]+ moieties is characterized by two angles of 
158.55(2)° (Pt(1)-Pt(1)-Pt(2)) and 166.72(2)°(Pt(2)-Pt(2)-Pt(1)). The tetracationic 
unit shown in Figure 3.13, Pt(1)-Pt(2)-Pt(2)-Pt(1), is repeated in one direction, 
forming an infinite series of cations.  
   
 
 
 
Figure 3.13.  Infinite chain of [Pt(tpy)I]+ moieties in [Pt(tpy)I][Au(C6F5)2], 13, 
formed from Pt(2)-Pt(2), Pt(2)-Pt(1), and Pt(1)-Pt(1) contacts with unique 
distances of 3.6817(8), 3.6376(7), and 4.3046(9) Å, respectively. Counter 
[Au(C6F5)2]- anions and hydrogen atoms removed for clarity.  
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 The anions in the structure arrange in a slipped head-to-tail fashion 
supported by π-interactions of the perfluoroaryl groups. As shown in Figure 3.14, 
the [Au]- units sandwich the cation chain. 
 
 
 
 
Figure 3.14. Slipped head-to-tail [Au(C6F5)2]- moieties that sandwich the 
[Pt(tpy)I]+ channel in 13. Hydrogen atoms removed for clarity.   
 
 Despite coming from a solution with [Pt]+:[Au]- 1:1 stoichiometry, complex 
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14 was isolated as a 2:1 Pt:Au product with the composition 
[Pt(tpy)(CN)]2[Au(C6F5)2](PF6). Structural information revealed a crystal packing 
motif different from both the chloride/bromide, 11, 12, derivatives and the iodide 
derivative, 13. As shown in Figure 3.15, 14 forms a trimer of {[Pt][Au][Pt]} 
somewhat like that found in 1 and 2 (section 3.1.1). Within the trimer, the anion is 
sandwiched by two cation units with the closest contact between cation and 
anion formed by the Au center and a nitrogen from the terpyridine ligand (Au(1)-
Ncis = 3.486 Å). The Pt-Au separation (3.907(2) Å) is well outside the range of 
metallophilic interactions. As seen in the figure, the trimeric unit repeats in one 
dimension through Au…N and metallophilic Pt…Pt contacts with a Pt-Pt distance 
of 3.296(1) Å. For charge balance, the (PF6) anions occupy void spaces in the 
crystal lattice with no short contacts made with the repeating timer unit.  
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Figure 3.15.  ORTEP repeating trimer formed by [[Pt(tpy)(CN)]+[Au(C6F5)2]-
[Pt(tpy)(CN)]+] in 14 with 50% displacement ellipsoids. The Pt…Pt and Au…N 
separations are shown with dotted lines. Hydrogen atoms removed for clarity.  
.  
  
 In total, three different structural motifs have been identified for the four 
[Pt(tpy)X][Au(C6F5)2] complexes described in this chapter. In complexes 11 and 
12, in which the X co-ligand is a chloride or bromide, a chain of alternating [Pt]+ 
and [Au]- units is formed. Though no close Pt-Au interactions are found, the 
Lewis acid PtII center interacts with the Lewis basic Cortho of the 
pentafluorophenyl ligand of the anion. Therefore for these two complexes, the 
desired electrostatically favored [Pt][Au] arrangement is observed but without 
linear M…M…M interactions. 
 Substitution of X with the slightly larger and less electronegative iodide in 13 
gives the second packing motif. The double salt arrangement for this complex is 
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not the expected alternating pattern, but is instead the formation of a loose cation 
chain formed by the [Pt(tpy)I]+ cations. The [Au(C6F5)2]- units align on both sides 
of the cation channel and interact through π-π stacking with no short Au-Au 
distances present. The lack of close contacts to either Pt or Au is attributed to 
iodide’s larger size with a bound van der Waals radius of 2.01 Å compared to 
chlorides 1.73 Å.102 To date, no metallophilic interactions have been observed 
between [Pt(tpy)I]+ cations.84    
 A third packing motif is observed for complex 14. This motif is defined by 
repeating trimeric units of {[Pt][Au][Pt]} that pack in one dimension through 
metallophilic Pt-Pt contacts between neighboring trimers. A related arrangement 
was observed before for platinum-gold double salts 1 and 2 discussed in section 
3.1.1, however, unlike 1, and 2, no short Pt-Au contacts are found in 14.  
 Despite its metallophilic activity in the literature (section 3.1.2), the 
[Au(C6F5)2]- moiety does not participate in metallophilic interactions, neither Pt-Au 
or Au-Au, in any of the four compounds presented here. Furthermore, the 
identification of three distinct structural motifs indicates that there are a variety of 
subtle packing forces at play in platinum-gold double salts involving the 
[Au(C6F5)2]- moiety. Specifically, in the competition between π-π interactions 
between neighboring aryl rings of [Au(C6F5)2]- anions and metallophilic Pt...Au 
interactions, the π-π interactions dominate in every example presented here with 
aromatic stacking observed in every structural motif. This suggests that Pt…Au 
interactions are weaker than these π-interactions and may form in the absence of 
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them, which may be removed by substituting the fluorides with bulkier groups. 
However, there is a limit to how bulky these groups can be as planar [Au(C6X5)2]- 
anions are required for Pt…Au interactions with the square-planar [Pt(tpy)X]+ 
cation. 
 3.3.3 Solution and solid-state electronic absorption spectra 
 The room temperature absorption spectra of complexes 10-13 were 
collected in DMF or DMSO. The solid-state absorption spectra for all but complex 
11 were also measured. All spectral data are listed in Table 3.5 along with 
structural motifs and relevant M…M distances.  
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Table 3.5. Summary of structural and electronic absorption data for [Pt][Au] 
double salts.  
Complex  Color Stacking 
Pattern 
M…M 
(Å) 
Medium Absorption  
λmax/nm 
(εmax/M-1cm-1) 
[Pt(tpy)Cl][AuCl(CN)], 4    DMSO 328(15,000) 
343 (19,000) 
354 (12,400) 
375 (2930)  
395 (1300) 
 Orange Infinite 3.349(1) Solid 485 
518 
[Pt(tpy)Cl]Cl2H2O    DMSO 328 (13,600) 
348 (9600) 
372 (3000) 
388 (2600) 
[Pt(tpy)(CN)][Au(CN)2], 10    DMSO 328 (15,000) 
343 (19,000) 
354 (12,400) 
375 (2900) 
395 (1100) 
 Red Infinite 3.3305(2) Solid 490 
532  
[Pt(tpy)(CN)](PF6)    DMSO 327 (15,300) 
343 (19,200) 
371 (3000) 
396 (1200) 
[Pt(tpy)Cl][Au(C6F5)2], 11 Yellow None  
[Pt]+[Au]- 
 DMF 331(13,100) 
326 (9790) 
351(10,030) 
379 (2380) 
[Pt(tpy)Br][Au(C6F5)2], 12    DMF 335 (20,100) 
353 (15,800) 
382 (3260) 
 Yellow None  
[Pt]+[Au]- 
4.057(3) 
4.7721(4) 
Solid 430 
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Table 3.5. Summary of structural and electronic absorption data for [Pt][Au] 
double salts, continued. 
Complex  Color Stacking 
Pattern 
M…M 
(Å) 
Medium Absorption  
λmax/nm 
(εmax/M-1cm-1) 
[Pt(tpy)Br]Br2H2O    DMSO 328 (14,600) 
347 (11,400) 
377 (3000) 
395 (2600) 
[Pt(tpy)I][Au(C6F5)2], 13    DMF 331 (11,300) 
349 (10,100) 
427 (1850) 
 Orange Zig-zag  
[Pt]+ 
3.6817(8) 
3.6376(7) 
4.3046(9) 
Solid 452 
 
 The solution spectra of the double salt complexes do not differ from that of 
the [Pt(tpy)X]+ starting materials.  The UV-vis spectra of [Pt(tpy)Cl]Cl and 
[Pt(tpy)Cl][Au(C6F5)2], 11, are presented in Figure 3.16 and demonstrate that the 
Pt-starting material and the double salt spectra are effectively identical in 
solution. Therefore, the observed transitions are localized on the cations with 
neglible anion interaction, indicating that the cation and anion of the double salt 
do not interact in solution at these concentrations. Thus, any close contacts 
observed in the solid-state do not hold together in solution. The absorption 
maxima for both [Pt(tpy)Cl]Cl and 11 are identical, however, the extinction 
coefficient for 11 is slightly lower. 
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Figure 3.16. Absorption spectra of [Pt(tpy)Cl]Cl and [Pt(tpy)Cl][Au(C6F5)2], 11, 
measured in DMF.  
 
 Absorptions at high energies (< 350 nm) with molar absorptivities on the 
order of 104 M-1 cm-1 are assigned to 1ILCT features of the cation’s terpyridine 
ligand (π-π*).66 The less intense absorptions at lower energies (> 400 nm) with 
molar absorptivities on the order of 103 M-1 cm-1 are assigned to the 1MLCT 
dz2(Pt)→π*(tpy) features.66 The lower energy transitions are dependent on the 
nature of the X ligand coordinated to the PtII center. The more σ-donating the 
ligand, the lower the energy of this transition due to an increase in energy of the 
metal-based HOMO, which results in a smaller energy gap between the dz2 (Pt) 
and π*(tpy) orbitals responsible for the absorption.68 As expected, the lowest 
energy absorption band for the [Pt(tpy)(CN)]+ double salts, 4 and 10, is red-
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shifted relative to the halide series, 11-13, from approximately 380 nm, 13, to 400 
nm, 4 and 10 (Table 3.5). 
 The solution and solid-state absorption spectra of 10 are presented in 
Figure 3.17 and show that in the solid-state, a new absorption bands at 490 nm 
appears with a shoulder at 532 nm. Similarly, a new, low energy band a new 
band at 485 nm with a shoulder at 518 nm is present in the solid-state for 4 
(Table 3.5). Based on structural Pt…Au interactions for both double salts and the 
absence of this feature in solution, these absorptions are assigned to 1MMLCT 
bands that arise from Pt-Au interactions in the solid-state. Comparing the two Pt-
Au distances to the absorption energies, a shorter distance (~ 0.1 Å) gives a 
slightly longer wavelength (14 nm), consistent with a shorter distance between Pt 
and Au centers giving rise to a lower energy 1MMLCT absorption. 
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Figure 3.17. Solution (DMSO, red) and solid-state (blue) absorption of 
[Pt(tpy)(CN)][Au(CN)2], 10. 
 
  For complex 12, in which no short Pt-Au contacts are observed, the lowest 
energy absorption band occurs at 430 nm. Similar to the qualitative analysis of 
Pt…Pt distances and compound colors summarized in Table 2.3, a quantitative 
comparison between Pt-Au distances and solid-state absorption maxima can be 
made for [Pt][Au] double salts that form a chain of alternating cation and anion 
units. The Pt-Au distances for 4, 10, and 12 are plotted versus solid-state 
absorption maxima in Figure 3.18, which shows that the data point for 12 is 
segregated from 4 and 10. Considering the large Pt-Au separation for 12, the 
absorption cannot be assigned to a MMLCT feature, therefore, it can be 
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generalized, for this small sample, that solid-state absorptions near 430 nm are 
likely to be MLCT absorptions while those near 500 nm are likely to be MMLCT 
features.  
 
 
Figure 3.18. Plot of Pt-Au distance as a function of solid-state absorption 
maximum for [Pt][Au] double salts 4, 10, and 12. 
 
 The solid-state absorption maximum of 13 is 452 nm. This complex was not 
compared with the others due to the difference in its packing motif. However, it 
can be compared with that of the [Pt(tpy)X]Y series in Table 2.3 that also form 
[Pt(tpy)X]+ chains. Based on the analysis in Chapter 2, because the absorption 
maximum is greater than 400 nm, it indicates a possible MMLCT band. However, 
based on structural information, the Pt-Pt distances are too long to be strictly 
considered metallophilic, thus the absorption cannot arise exclusively from a 
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metal-metal overlap or MMLCT. This disagreement suggests that the [Pt(tpy)X]+ 
sample size is too small to compare complexes with different X groups. 
Furthermore, complexes with complicated absorptions arising from mixed states 
need a more detailed analysis via TD-DFT. 
 
 3.3.4 Solution and sold-state emission spectra 
 Complexes 10-13 are non-emissive in solution at room temperature.  Again, 
based on the solution absorption properties, the solid-state M…M interactions 
are not present in solution. This result is consistent with the absence of solution 
fluorescence in both the [Pt(tpy)X]+ cation and gold-containing anion ([Au(CN)2]- 
and [Au(C6F5)2]-) starting materials. However, the complexes are emissive in the 
solid-state both at room temperature and low temperature (77 K).  A summary of 
all of the data collected can be found in Table 3.6. 
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Table 3.6 Solid-state variable temperature luminescence data. 
Complex RT λem (λex) (nm) Lifetimes 1 and 2 77 K λem  
(λex) (nm) 
[Pt(tpy)Cl]Cl 543 (370) 187 ns, 1.13 µs 570 (370) 
[Pt(tpy)Cl][AuCl(CN)], 4 630 (370) 318 ns 684 (370) 
[Pt(tpy)(CN)][Au(CN)2], 10 632 (370) 334 ns 700 (370) 
[Pt(tpy)Cl][Au(C6F5)2], 11 495  
522  
558 (sh)  
606 (sh) (430) 
175 ns, 1.07 µs 485 
517  
555 (sh)  
613 (370) 
[Pt(tpy)Br]Br  595 (390) 321 ns, 1.26 µs 574  
638 (460) 
[Pt(tpy)Br][Au(C6F5)2], 12 530 (370) 177 ns, 1.14 µs 496  
327  
562  
615 (370) 
  
 The [Pt(tpy)X]+ (X =Cl and Br) precursors both emit at room temperature at 
543 nm and 595 nm, respectively. These emissions shift to longer wavelengths 
at 77 K to 570 nm and 638 nm, respectively. These results are close to those 
reported previously for [Pt(tpy)Cl]Y salts, which range from 550-650 depending 
on Y.4 Based on structural data (Chapter 2), which revealed the only difference 
between these solids to be the intradimer Pt-Pt distance, these emissions were 
assigned to arise from a dσ*(Pt2)→π*(tpy) 3MMLCT. Their lifetimes in the 
microsecond range are in accordance with excited states of the triplet parentage. 
The shift to the red in the emission band observed for the bromide derivatives 
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versus the chloride complex is in accordance with this assignment because the 
higher electronegativity of the chlorine atom compared to the bromine produces a 
higher stabilization of the HOMO dσ*(Pt2) orbital, leading to a bigger band gap for 
the MMLCT excited state.  
 Unlike the solution properties, the solid-state luminescence of 11 and 12 
differ drastically from their respective [Pt(tpy)X]Y single salt precursors. In 
particular, as seen in Figure 3.19, the emission spectrum of the double salt 
shows vibronic structure, which indicates a strong ligand contribution to the 
excited states. Since the [Au(C6F5)2]- moiety is not luminescent under the same 
conditions,100 the excited state could arise from intraligand (IL) transitions in the 
terpyridine ligand.  
 The luminescence spectrum of the bromide derivative, 12, is similar to that 
of 11 (Table 3.6). As with the [Pt(tpy)X]Y materials, a slight red shift in values of 
the emissions are observed for the bromide ligand, therefore, the platinum 
centers are likely to be involved to some extent in the electronic transitions. In 
fact, structural characterization (section 3.3.2) shows the closest contact in the 
two double salts to be between the cationic Pt center and the one anionic ortho 
carbon. This interaction could contribute to the excited states for 11 and 12 as 
the result of an admixture of IL(π-π*(tpy)) and MMLCT (dσ*(Pt-Au)→π*(tpy)) 
features.  
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Figure 3.19. Solid-state emission spectra for [Pt(tpy)Cl][Au(C6F5)2], 11, at room 
temperature (left) and 77 K (right).  
 
 Lastly, the emission behavior of 4 and 10 are very similar. They emit at 630 
nm and 632 nm at room temperature and 684 nm and 700 nm at 77 K, 
respectively. The lifetimes are also similar with values of 318 ns and 334 ns, 
respectively, suggesting that the excited states responsible for the emissions are 
quite similar in both complexes. The slight differences in the emission maxima 
and the red-shifted emissions compared to those assigned to MLCT make it 
likely that the excited states arise from a transition between orbitals of the 
interacting Pt and Au metal centers or MMLCT arising from a dσ*(Pt-
Au)→π*(tpy). The slight shifts between the emission energies in both complexes 
can be rationalized by the different electronic behavior of the cyanide versus the 
chloride ligands that affects the engery of the platinum center orbitals or by the 
slight differences in the Pt…Au distances. In fact, both structures form chains of 
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alternating [Pt(tpy)X]+ cations and [AuX’2] anions with Pt…Au distances of 
3.349(1) and 3.3305(2) Å in 4 and 10, respectively. The longer Pt…Au distance 
in a structure with higher emission energy is in accordance with the above 
assignment.  
3.4. Summary and conclusions  
 The [Pt(tpy)(CN)][Au(CN)2], 10, and [Pt(tpy)X][Au(C6F5)2], 11-14, double salt 
complexes presented in this chapter were prepared to form infinite chains of 
metal atoms bridged by metallophilic Pt-Au contacts. Only in 10 was this 
structure observed. Structural characterization showed that 10, 11, and 12 gave 
the expected {[Pt]+-[Au]-}∞ alignment in the solid state based on electrostatic 
ordering. However, metallophilic Pt-Au contacts were only present in 10. The 
closest Pt-Au contacts in 11 and 12 were found to be between the Lewis acidic 
Pt center and a Lewis basic ortho carbon of the pentafluorophenyl group instead 
of the expected Lewis basic Au center.  
 Complex 13 exhibited a packing motif similar to that observed for 
[Pt(tpy)X]Y materials in which a channel of [Pt]+ moieties was formed, but with 
considerably longer Pt…Pt separations, whereas 14 formed a trimeric 
{[Pt][Au][Pt]}+ repeat unit similar to that observed for other [Pt][Au] double salts. 
However, unlike 1 and 2, no short Pt-Au distances were observed in 14. In total, 
four complexes were prepared using the [Au(C6F5)2]- unit, none of which showed 
any metallophilic Pt-Au or Au-Au contacts. The absence of metallophilic 
interactions with [Au(C6F5)2]- cannot be attributed to the anion moiety as it has 
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participated in these interactions with both itself and Lewis acids TlI, AgI, and CuI. 
However, these data suggest that the bispentafluorophenyl aurate(I) anion is not 
capable of forming metallophilic interactions in combination with the d8 [Pt(tpy)X]+ 
cation, regardless of the electron character at the Pt center as modified by the X 
co-ligand.  
 Electronic absorption and fluorescent properties of 10-13 in solution are 
identical to those of [Pt(tpy)X]+ parent complexes, thus any solid-state M…M 
interactions are broken up in solution. Solid-state measurements show a new 
absorption and emission band for 10 that is assigned to a MMLCT arising from a 
dσ*(Pt-Au)→π*(tpy) transition. Similarly, a new absorption band for 13 is 
assigned to a MMLCT arising from a dσ*(Pt2)→π*(tpy) transition. All other 
complexes only contain absorptions relating to the ionic moieties in solution. The 
solid-state emissions, of 11 and 12 show vibronic emissions, which have been 
assigned to a mixture of ILCT and MMLCT transitions arising from short contacts 
between the Pt-center and the C6F5 ligand in the solid-state. 
 Based on the lack of Pt…Au interactions, other [Pt(tpy)X][Au(C6F5)2] 
derivatives should not be pursued as they will likely give the same result. Both 
cation and anion units have been shown to form metallophilic interactions with 
other partners, however, thus they may be pursued in other double salt 
platforms. Given extensive experience with the [Pt(tpy)X]+ cation, it will be 
pursued further in the formation of [Pt][Pt] double salts, which will be discussed in 
Chapters 4 and 5. 
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Chapter 4. The narcissistic [Pt(tpy)(CCPh)]+ moiety 
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4.1 Introduction 
 4.1.1 Light-harvesting component 
 As shown in Chapters 1 and 2 of this work, the [Pt(tpy)X]+ moiety does not 
absorb to an appreciable degree above 400 nm when X is a halogen or pseudo-
halogen with intramolecular MLCT absorbencies near 350 nm. In the solid-state, 
dimers of [Pt(tpy)X]+ can form as a result of metallophilic Pt-Pt interactions. 
These species exhibit an additional red-shifted absorbance arising from a 
MMLCT feature. Though this intermolecular feature is always red-shifted from the 
MLCT due to a smaller HOMO-LUMO gap, it typically only extends out to 500 nm 
for these X ligands.  
 Alternatives to halide systems that are also light-harvesting were sought 
while keeping the general approach of nanowires assembled through 
metallophilic interactions. There are two ways to decrease the HOMO-LUMO gap 
to access lower energy absorptions: 1) lower the energy of the LUMO, or 2) raise 
the energy of the HOMO. The HOMO of the [Pt(tpy)X]+ system is usually the Pt 
dz2 orbital.67, 78 A strategy commonly employed to destabilize this orbital is to 
coordinate a strongly σ-donating X group to the Pt center, as exemplified in the 
CNC and CNN ligands in Chapter 1. Because this [Pt(tpy)X]+ moiety had to be 
used as a building block for the formation of nanowires, only robust species that 
could be prepared with relative ease were considered. Furthermore, candidates 
that have already been shown to exhibit metallophilic interactions were heavily 
favored. 
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 The previously reported [Pt(tpy)(CCPh]Y complex meets all of these 
requirements. Originally prepared by the Yam group in 
[Pt(tpy)(CCPh)](PF6)CH3CN68, three Y variants have seen been 
crystallographically characterized to date. All four complexes (Y = PF6CH3CN, 1; 
SbF6113, 2, ClO4114, 3, and ClO4CH3CN115, 4) are shown in Scheme 4.1.  
 
 
Scheme 4.1. Structurally characterized [Pt(tpy)(CCPh)]Y complexes. 
  
 Similar to the halide series presented in Chapter 2, all four complexes form 
chains of [Pt(tpy)(CCPh)]+ dimers with head-to-tail stacking.  In all cases, the 
head-to-tail stacking is stabilized by π-π interactions between the terpyridine 
ligand and the ethynyl carbons of the CCPh ligand. The intradimer Pt…Pt 
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distances vary from 3.3626(9) Å (1) to 3.604(1) (2), while all of the interdimer 
Pt…Pt distances are greater than 4 Å (Figure 4.1). The (CF3CO2)-116 and (BF4)-
114, 117 derivatives have also been prepared but not structurally characterized.  
 
Figure 4.1. [Pt(tpy)(CCPh)]+ dimers showing intradimer Pt…Pt interactions for 
168, 3114, and 4115. Solvent molecules, Y anions, and hydrogen atoms are not 
shown. Structure of 2 not shown as coordinates not provided by authors.113 
 
 Prepared for their photophysical properties, the electronic spectra of 1-3 
were studied both in solution and in the solid-state. In solution, all complexes are 
identical and exhibit solvent-dependent low energy band around 450 nm and an 
emission band around 600 nm assigned to a 1MLCT and 3MLCT transition, 
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respectively. Comparison with the non-emissive [Pt(tpy)Cl]Y system shows a red-
shift of roughly 100 nm of the MLCT band for the [Pt(tpy)(CCPh)]Y family. 
Therefore, as expected, substitution of a σ-donating phenylacetylide for chloride 
results in destabilization of the Pt-based HOMO and a concomitant shrinking of 
the HOMO-LUMO gap, which gives rise to lower energy absorptions and an 
observable emission for [Pt(tpy)(CCPh)]Y. An energy level diagram depiction of 
this distinct change is presented in Scheme 4.2 alongside a calculated energy 
level diagram for [Pt(tpy)(CCPh)]+.118  
 
 
Scheme 4.2. Energy level diagram for [Pt(tpy)Cl]Y and [Pt(tpy)(CCPh)]Y 
complexes showing relative HOMO-LUMO gaps and absorption energies with 
calculated energy levels in [Pt(tpy)(CCPh)]+.118 
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 In the solid-state, additional lower energy absorption and emission features 
appear for 1 at 642 nm and 800 nm, respectively. Due to their absence in 
solution and the short Pt-Pt contacts in the crystal structure, these new 
components have been assigned to MMLCT features. Similar absorbance and 
emission bands are present in [Pt(tpy)(CCPh)](OTf)114, however, these 
derivatives have not been structurally characterized. The other three structurally 
characterized complexes in the [Pt(tpy)(CCPh)]Y series do not exhibit these low 
energy photophysical features, likely due to their longer Pt-Pt separations (3.4-
3.6 Å).  
 The Yam group recorded a series of solvent-induced spectral changes for 
1-3 and [Pt(tpy)(CCPh)](OTf). Incremental additions of Et2O to CH3CN solutions 
were monitored using electronic absorption spectroscopy. For 1, when the 
solvent mixture contained 70% Et2O, a new absorption feature at 650 nm 
appeared. The intensity of this absorption increased as the concentration of Et2O 
increased until reaching 85% Et2O. Within an hour of mixing the two solvents at 
85% Et2O, dark colored material precipitated from the mixture. Based on this 
behavior and the agreement with the solid-state absorption maximum, this 
solution absorbance was assigned to a MMLCT feature. Yam and coworkers 
concluded that the addition of a precipitating solvent to the solution of 2 forced 
the [Pt(tpy)(CCPh)]+ moieties to aggregate in solution. As the concentration of 
Et2O increased, larger aggregates formed until precipitation occurred. This 
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absorption feature is Y dependent, suggesting that the size and shape of the 
counteranion affected the aggregation process. These self-assembly 
observations suggest that the [Pt(tpy)(CCPh)]+ moiety has some attraction to 
itself. Metallophilic interactions between cations have been demonstrated 
extensively in the solid-state, as described in Chapter 2, and the work by Yam 
importantly demonstrated such behavior in solution.  
 The photophysical properties of the [Pt(tpy)(CCPh)]+ skeleton have 
attracted a great deal of interest with almost 500 derivatives collected in the CAS 
registry. Both the HOMO and LUMO levels of the molecule have been modified 
via substitutions to the phenylacetylide and terpyridine ligands, respectively. 
Parentage of the excited states in this family, which can be charge transfer, 
ligand-based, intermolecular in nature, or combinations of two or more have been 
reviewed and show that stabilization of the LUMO via terpyridine substitution 
leads to an increase in the excited state lifetime and luminescence quantum yield 
for MLCT and MMLCT transitions.119-121 Though numerous changes have been 
made to the ligand periphery, this cation had not been combined with [M]- units to 
form double salts. The introduction of this moiety into the double salt platform 
was targeted to add light-harvesting function to the 1D chains of metal atoms 
supported by Pt…Au and Pt…Pt metallophilic contacts. Furthermore, the [Pt]- 
anion can also be a light-harvesting component such that the proposed [Pt][Pt] 
double salts could absorb a broader range of the visible spectrum.  
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 4.1.2 [Pt]2+[Pt]2- double salts 
 The first [Pt]2+[Pt]2- double salt was prepared by Magnus in 1824.122 Upon 
mixing equimolar amounts of colorless [Pt(NH3)4]Cl2 and maroon K2[PtCl4], 
Magnus noted the formation of both a green and pink material. Analytical data 
showed both complexes to have the same composition: [Pt(NH3)2Cl2]. These two 
salts later came to be known as Magnus’ green and pink salts or MGS and MPS, 
respectively. Several research groups set about repeating Magnus’ work in an 
attempt to identify the difference between the two forms and the origin of the 
striking visible colors. Initial X-ray analysis by Cox and coworkers on green 
rectangular crystals showed square planar cations and anions stacked on top of 
each other.123 In the same study, Cox et al. found that the pink form could be 
converted to the green form in the presence of hot water. Twenty years later, 
Yamada compared the anisotropic electronic absorption spectra of the dichroic 
MGS crystals with the starting materials.124 The absorption energy was lowest 
when the incident light was perpendicular to the square planar platinum ions, 
attributed to the interaction of stacking platinum moieties.  
 In 1957 Rundle reported a higher quality MGS crystal structure by inclusion 
of weaker reflections that showed cations and anions stacked in an eclipsed 
arrangement with a Pt…Pt spacing of 3.25 Å (Scheme 4.3).125 This stacking 
extends infinitely in one direction, forming a chain of Pt atoms. Single crystals of 
the pink form were not obtained, but powder X-ray diffraction showed the Pt-Pt 
spacing along the c-axis to be greater than 5 Å. Around the same time, several 
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derivatives of MGS of the form [Pd(NH3)4][PtX4] (X = Cl, Br)126, [Pt(NH3)4][PdX4] 
(X = Cl, Br, SCN)126, [Pt(MeNH2)4][PtX4] (X = Cl, Br)126, 127, and 
[Pt(EtNH2)4][PtCl4]126, 127 were prepared with structural and solid-state reflectance 
spectra analyses. Only MGS and its monoalkylamine variants were found to form 
green compounds with low energy absorptions, which gave rise to the 
generalization that the green color was indicative of short Pt-Pt distances and the 
pink was not.   
 
Scheme 4.3. Structure of [Pt(NH3)4][PtCl4] with 1-D chain of Pt atoms. 
 
 Several decades elapsed before MGS and its related compounds were 
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reinvestigated with great interest for their potential optical and electrical 
properties.128-138 Caseri and coworkers measured the electronic conductivity on 
soluble derivatives [Pt(NH2R)4][PtCl4] (R=dmoc or dimethyloctyl, eh or ethylhexyl, 
methyl, ethyl, and octyl) and compared the results with the Pt-Pt distances in 
their 1-D chains, many of whose structures were not determined by single crystal 
X-ray diffraction. For example, the Pt…Pt separation in [Pt(NH2dmoc)4][PtCl4] 
(Scheme 4.4) was determined to be 3.1 Å based on X-ray powder and electron 
diffraction.132 Bulk electronic conductivities were measured in both pressed pellet 
and oriented films. The dmoc derivative in Scheme 4.4 showed the greatest 
solubility, highest conductivity, and shortest Pt-Pt distance (3.1 Å) of all other 
MGS analoges.135, 138 The bulk conductivity compared well with MGS (5 x 10-6 S 
cm-1)138 at 1.6 x 10-6 S cm-1 at room temperature. However, when measured 
parallel to the Pt-Pt vector of the thin film, the anisotropic conductivity was two 
orders of magnitude greater, suggesting highest charge mobility along the Pt-Pt 
vector through the metallophilic contacts and Pt dz2 orbital overlap. Structural 
information for the [Pt(NH2eh)4][PtCl4] derivative remains elusive and reasons for 
the distinct anisotropic conductivity for the dmoc derivate are unknown without 
this data point for comparison.  
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Scheme 4.4. [Pt(NH2dmoc)4][PtCl4] Magnus green salt derivative.  
 
 Charge-carrier mobilities in R= dmoc and decyl thin films were probed using 
flash-photolysis time resolved microwave conductivity (FP-TRMC).135 The thin 
films were pulsed with laser light to generate charge carriers, and the resulting 
electronic conductivity was measured. The conductivity with R = decyl dropped 
immediately after the material was pulsed, however, the dmoc derivative 
continued to conduct for 80s following the laser pulse, with charge carrier 
mobilities of <1 x 10-3 and 64 x 10-3 cm2 V-1 s-1, respectively. Measurements of 
eight derivatives showed that only materials with Pt-Pt distances of ≤ 3.2 Å had 
charge mobilities greater than 1 x 10-3 cm2 V-1 s-1. These results suggest that 
charge mobility along the Pt-Pt vector is significant only with sufficient overlap 
between the Pt dz2 orbitals of [PtL4]2+ and [PtX4]2- units, which requires a 
proximity of less than 3.2 Å between Pt centers. Thus even though MGS 
materials may show metallophilic platinum contacts, measurable conductivity 
along the Pt-Pt vector is not observed unless the distance between the two metal 
centers is short. These conductivities are substantially lower than that of the 
international annealed copper standard (IACS, 5.8 x 105 S cm-1).139 Pt materials 
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reach semiconductor behavior only when the 1-D Pt chain is oxidized as in the 
case of K4[Pt2(pop)4Br]3H2O (pop = (HO2P)2O2-) whose crystalline conductivity 
is 0.2 x 10-4 S cm-1.140 
 Modifying the ligand scaffold in [PtL4]2+[PtX4] species, Mann developed a 
series of [Pt(CNR)4][Pt(CN)4] double salts and found that they exhibited 
vapochromic behavior.141-151 Structural analysis of [Pt(CN(i-C3H7))4][Pt(CN)4]16 
H2O showed formation of 1-D chains of Pt atoms similar to MGS type 
complexes.142 However, unlike MGS, the large aryl isonitrile or CNR ligands led 
to potentially large void spaces in the crystal packing of the double salts, as 
demonstrated by the incorporation of 16 water molecules in the crystal lattice. 
Empirical observations and detailed photophysical analysis described the 
resulting solvatochromic behavior with methanol, chloroform, and trifluoroethanol 
in detail.142 Thermogravimetric analysis (TGA) showed that the water molecules 
could be removed with heat and replaced with eight methanol molecules, six 
chloroform molecules, or four trifluoroethanol molecules. The desorption and 
absorption of all vapors could be cycled at least once without decomposition.142 
Powder X-ray diffraction analysis showed expansion along the a axis, contained 
in the Pt coordination plane from 14.731(1) to 18.271(4) Å upon water uptake. In 
contrast the c dimension, the Pt-Pt stacking vector, contracted slightly from 
6.3369(9) to 6.325(1) Å.142 Unfortunately, no single crystals of any double salt 
solvated forms were obtained. Furthermore, this derivative remains the only 
structurally characterized compound in the [Pt(CNR)4][Pt(CN)4] series to date. 
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  The weakly coordinating isonitrile ligands were easily displaced by cyanide 
groups from the anion when heat was applied to give the neutral, isomeric 
scrambled products [Pt(CNR)2(CN)2].146, 150 As anticipated, these neutral 
products were more soluble and with R=i-C3H7150 and p-Et-C6H4NC146 were 
characterized in two forms each using crystallography. Figure 4.2 is a view down 
the c axis of the neutral complex [Pt(CN(i-C3H7))2(CN)2], clearly showing the 
staggered arrangement of the CNR and CN ligands relative to each other. Shown 
in Figure 4.2 B is near-linear chain of Pt atoms formed in the structure, with a Pt-
Pt-Pt angle of 160.3° and a Pt-Pt distance of 3.256 Å.   
 
Figure 4.2. A) View down the c axis and B) view between a and b axes of 
[Pt(CN(C3H7))2(CN)2].150 
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 Similar to the double salts, the neutral species were also found to be 
vapochromic. Interestingly, absorption by the [Pt(CN(i-C3H7))2(CN)2] lattice was 
selective towards benzene. Para-, ortho-, and meta-xylene, mesitylene, 
chlorobenzene, and hexfluorobenzene were also investigated but not absorbed. 
Structural analysis of the benzene derivative, Figure 4.3, showed a 2:1 
Pt:benzene stoichiometry and an eclipsed arrangement between the Pt species, 
consistent with the larger Pt-Pt distance of 4.385 Å and a virtually unchanged 
angle of 161.2°. 
 
 
Figure 4.3. A) View along the b axis and B) a and c axes of 
[Pt(CN(C3H7))2(CN)2](C6H6)0.5.150 
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4.1.3 [Pt(C^N)(CN)2]- containing complexes 
 Not only MGS but also Caseri’s [Pt(NH2R)4][PtX4] and Mann’s 
[Pt(CNR)4][Pt(CN)4] double salts are challenging to process owing to the poor 
solubility inherent in their doubly charged, highly polar components. A few years 
ago, Forniés et al. reported two singly charged anionic complexes using two 
different countercations, K(H2O)[Pt(ppy)(CN)2] (5), Bu4N[Pt(ppy)(CN)2] (6), 
K(H2O)[Pt(bzq)(CN)2] (7), and Bu4N[Pt(bzq)(CN)2] (8) in which ppy is 2-
phenylpyridine and bzq is 7,8-benzoquinolinate (Scheme 4.5).152 These anions 
are an improvement to MGS, Caseri’s, and Mann’s double salt [PtX4]- anions 
because of the single charge, increased organic solubility, and more robust, 
bidentate C^N ligands (C^N is ppy or bzq). When dissolved, all solutions were 
yellow. As solids, however, the K+ salts (5 and 7) can be deeply red and purple 
colored, respectively, while the Bu4N+ salts (6 and 8) are both yellow in color. 
Photophysical, structural, and TD-DFT studies showed that the difference in color 
was the absence of Pt…Pt interactions in yellow materials and presence of 
Pt…Pt interactions in the red and purple materials.152, 153 In solution, both a 
1MLCT and 3MLCT (Pt dz2 to π* (C^N)) absorption and emission were observed 
at ~ 300 nm and ~ 400 nm, respectively. The same features were observed for 
solid materials 6 and 8, consistent with a long Pt…Pt distance, indicative of non-
interacting Pt centers, consistent with a crystallographic Pt-Pt separation of 8.17 
Å in the closely related structure Bu4N[Pt(F2ppy)(CN)2], in which the large Bu4N+ 
cation prevented close Pt…Pt interactions.153 A yellow form of 5 in which a 
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molecule of H2O was replaced with two molecules of OCMe2 was structurally 
characterized in which the closest Pt-Pt distance is 7.4148(3) Å.152 Complexes 5 
and 7 showed an additional, low energy absorption and emission feature at ~ 550 
nm and ~ 600 nm, respectively. These new bands were assigned to 1MMLCT 
and 3MMLCT features (dσ*(Pt2) to π* (C^N)).  
 
 
Scheme 4.5. Molecular structure of [Pt(ppy)(CN)2]- (5) and [Pt(bpy)(CN)2]- (6).152  
  
 Around the same time and using the same cyclometalated ligand scaffold, 
Forniés et al. also reported the preparation of the singly charged cationic species 
[Pt(bzq)(CNR)2]ClO4 shown in Scheme 4.6 (R=tBu (9), 2,6-Me2Ph (10), and 2-
napthyl (2-Np, 11).154 Similar to the anionic complexes, the solution spectra of 9-
11 were dominated by high energy (> 350 nm) 1MLCT absorption features and 
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3MLCT Pt dz2 to π*(bzq) emission features. An additional weak, high energy, 
structureless emission feature was observed at low temperature (77 K) at higher 
excitation energies (< 350 nm). Low intensity prevented lifetime measurements, 
but based on the energy and shape, the emission was assigned to an excimeric 
π-π* transition arising from overlap between the bzq ligands. TD-DFT and head-
to-tail π-π cation stacking in 10 supported this assignment.154 
 
Scheme 4.6. Molecular structure of cationic building blocks [Pt(bzq)(CNR)2]ClO4, 
9-11.154 
 
 Forniés et al. combined these building blocks to form +1/-1 double salts 
[Pt(bzq)(CNR)2][Pt(bzq)(CN)2] in which R = tBu (12), 2,6-Me2Ph (13) and 2-
napthyl (14).155 The double salts were isolated at low temperature (0 °C) from 
metathesis reactions between of 7152 and each of the salt 9-11154 in MeOH. 
Structural characterization of 13 showed that the cation-anion pair stacks with a 
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short Pt-Pt distance of 3.1557(4) Å and π-π interactions between staggered bzq 
ligands (Figure 4.4).  
 
Figure 4.4. Crystal structure of 13 showing cation-anion pair.155  
  
 Similar to Mann’s doubly charged double salts with isonitrile ligands, double 
salts 12-14 undergo irreversible monodentate ligand scrambling above 0° C to 
give neutral products [Pt(bzq)(CN)(CNR)]. Mechanistic studies using DFT and 1H 
NMR showed the first step in the scrambling process is dissociation of one CNR 
ligand from the cation’s Pt center, thus a dissociation mechanism was favored. It 
was proposed that the associative mechanism was blocked due to the strong 
Pt…Pt interaction between the ionic pair, in which the 6pz orbital of the cationic 
Pt was involved in a metallophilic interaction and thus shielded from nucleophilic 
attack by the cyanide ligand of the anion.155 The photophysical examination of 
these species have yet to be reported.  
 A double salt absorption spectrum would resemble a superposition of the 
two building block spectra if no ion pairing or intermolecular interactions are 
present in solution. Additionally, NIR absorption can result from Pt…Pt 
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interactions that give rise to MMLCT. As seen in both Mann and Forniés’ work, 
double salts with cation components having monodentate, neutral co-ligands 
easily dissociate, which is followed by reorganization of the double salt to give 
neutral [Pt(CNR)2(CN)2] products, emphasizing the need for a strongly binding 
anionic monodentate ligand coordinated to the cationic Pt center that is unlikely 
to dissociate. Therefore, in choosing the cation and anion building blocks for the 
new, improved double salts, in addition to the usual restrictions for metallophilic 
interactions (see Chapter 3) the following additional two criteria were also 
imposed: the building block must 1) absorb in the visible spectrum (> 350 nm) 
with at least a moderate extinction coefficient (> 1000 M-1 cm-1) and 2) have a 
cation building block with a strongly binding anionic monodentate co-ligand.  
 The [Pt(tpy)(CCPh)]+ cation discussed above in section 4.1.1 meets both 
criteria and has shown to be capable of forming metallophilic interactions with 
itself (1-4).68, 113-115 A new, solvated form [Pt(tpy)(CCPh)]PF61/2DMF1/2H2O, 
15, was prepared in this work. The [Pt(C^N)(CN)2]- species discussed in this 
section also meet the spectroscopic criteria and have been shown to give 
MMLCT absorption and emission features in 5 and 7 despite the lack of structural 
evidence for Pt-Pt interactions. Using these carefully chosen cationic and anionic 
building blocks, the following double salt complexes were prepared: 
[Pt(tpy)(CCPh)][Au(C6F5)2] (16), [Pt(tpy)(CCPh)][Pt(ppy)(CN)2] (17), 
[Pt(tpy)(CCPh)][Pt(F2ppy)(CN)2] (18), and [Pt(tpy)(CCPh)][Pt(bzq)(CN)2] (19). 
The numbering scheme and molecular structure of these compounds are 
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presented in Scheme 4.7. The preparation, structural characterization, and 
solution electronic absorption spectra of 15 and 16 have been published.78 
 
 
Scheme 4.7. [Pt(tpy)(CCPh)]Y single and double salts described in this chapter.  
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4.2 Experimental  
 4.2.1 General Considerations 
 PtII(COD)Cl2 (COD= 1,5-cyclooctadiene), HCCPh, KPF6, KAuIIICl4, KCN, 
7,8-benzoquinoline, 2-phenylpyridine, 2-(4,6-difluorophenyl)pyridine,  and 
2,2’:6’,2;-terpyridine were purchased from Sigma Aldrich Chemical Co. and used 
as received. CuI and AgPF6 were purchased from Strem Chemicals, Inc. and 
used as received. Spectral grade CH3CN was purchased from Fischer Scientific 
and distilled before use from CaH2 under N2. Net3, MeOH, and acetic acid were 
purchased from Fischer Scientific and used as received. K(H2O)[Pt(ppy)(CN)2],152 
K(H2O)[Pt(bzq)(CN)2],152 and Bu4N[Pt(F2ppy)(CN)2]153 were prepared according 
to literature procedures. 
 4.2.2. Syntheses 
[Pt(tpy)(CCPh)]PF61/2H2O1/2DMF (15). This compound was 
synthesized via a modification of the literature method.156 Triply recrystallized 
[Pt(tpy)Br]Br (102.8 mg, 0.176 mmol) was added to approximately 10 mL DMF. 
Excess HCCPh (38.2 µL, 0.348 mmol) and Net3 (200.4 µL, 1.438 mmol) were 
added to the suspension. The reaction flask was flushed with N2, and a catalytic 
amount of CuI (4.0 mg, 0.0198 mmol) was added to the reaction. Upon addition 
of the catalyst, the slurry turned red. The suspension was stirred under N2 for 3 
days. On the third day, an excess of KPF6 (44.3 mg, 0.241 mmol) was added to 
the suspension and stirred for approximately 6 h. A green solid was precipitated 
from the suspension with the addition of water. The green solid was isolated via 
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vacuum filtration and recrystallized from CH3CN and Et2O in 93.6% yield (80.3 
mg). UV-vis (DMF) [λmax, nm (ε, M-1, cm-1)]: 331 (13,300), 342 (12,100), 437 
(29600).  
[Pt(tpy)(CCPh)][Au(C6F5)2] (16). Solid Bu4N[Au(C6F5)2] (113.1 mg, 0.109 
mmol) was added to an orange solution of [Pt(tpy)(CCPh)]PF6 (73.3 mg, 0.109 
mmol) in 50 mL of CH3CN. An orange precipitate formed after approximately 1 h. 
The resulting slurry was stirred for 12 h at room temperature and 100 mL of 
water were added to the slurry, resulting in precipitation of more orange solid. 
The orange product was isolated via vacuum filtration, washed with three 5 mL 
portions of CH2Cl2 and recrystallized via diffusion of Et2O into a DMF solution to 
form red crystals in 83% yield (100.0 mg). Anal. Calcd. for PtAuC35H16N3F10: C, 
39.64; H, 1.52; N, 3.96; F, 17.91. Found: C, 39.91; H, 1.49; N, 4.02; F, 17.96%. 
ESI-MS: m/z (%) 529.1 (100) [M+]; 530.7 (100) [M-]. UV-vis (DMF) [λmax, nm 
(ε, M-1, cm-1)]: 316 (12,300), 333 (12,400), 347 (13,900), 440 (shoulder) (4870).  
[Pt(tpy)(CCPh)][Pt(ppy)(CN)2] (17). A yellow solution of 
K(H2O)[Pt(ppy)(CN)2] (34.3 mg, 0.075 mmol) in 3 mL of DMF was added to an 
orange solution of [Pt(tpy)(CCPh)]PF6 (50.8 mg, 0.075 mmol) in 5 mL DMF to 
form a red solution. The mixture was stirred for 12 h and a burgundy precipitate 
was formed with the addition of approximately 10 mL acetone. The burgundy 
product was isolated via vacuum filtration and washed with acetone prior to 
recrystallization from DMSO and acetone in 48% yield (34.2 mg). Anal. Calcd. for 
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Pt2C36H24N6H2O: C, 45.47; H, 2.76; N, 8.86. Found: C, 45.38; H, 2.64; N, 
8.86%. IR: ν (cm-1) 2103 (vs, C≡N), 2115 (vs, C≡N). UV-vis (DMSO) [λmax, nm (ε, 
M-1, cm-1)]: 288 (13,500), 326 (7000), 342 (4300), 381 (2300), 437 (4700).  
[Pt(tpy)(CCPh)][Pt(F2ppy)(CN)2] (18). A red solution was formed upon 
mixing a yellow solution of Bu4N[Pt(F2ppy)(CN)2] (48.9 mg, 0.072 mmol) in 2 mL 
DMF with an orange solution of [Pt(tpy)(CCPh)]PF6 (49.2 mg, 0.072 mmol) in 3 
mL of DMF. After stirring for 12 h, a red precipitate was formed with the addition 
of 15 mL acetone. The red solid was isolated via vacuum filtration, washed with 
acetone, and recrystallized from DMSO and acetone to form red crystals in 71% 
yield (49.7 mg). Anal. Calc. for Pt2C36H22N6F2: C, 44.72; H, 2.29; N, 8.69. Found: 
C, 44.86; H, 2.20; N, 8.65%. IR: ν (cm-1) 2105 (vs, C≡N), 2114 (vs, C≡N). UV-vis 
(DMSO) [λmax, nm (ε, M-1, cm-1)]: 320 (16,800), 332 (13,300), 375 (43000), 437 
(4500).  
 [Pt(tpy)(CCPh)][Pt(bzq)(CN)2] (19). An orange solution was formed upon 
mixing a yellow solution of K(H2O)[Pt(bzq)(CN)2] (51.4 mg, 0.105 mmol) in 4 mL 
DMSO with a red solution of [Pt(tpy)(CCPh)]PF6 (71.0 mg, 0.105 mmol) in 10 mL 
DMSO. After stirring for 12 h, an orange precipitate was formed upon addition of 
40 mL acetone. The orange solid was isolated via vacuum filtration, washed with 
acetone, and recrystallized from DMSO and acetone to form orange blocks in 
53% yield (52.8 mg). Anal. Calc. for Pt2C38H24N6: C, 47.80; H, 2.53; N, 8.80. 
Found: C, 47.24; H, 2.37; N, 8.78%. IR: ν (cm-1) 2112 (vs, C≡N), 2122 (vs, C≡N). 
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UV-vis (DMSO) [λmax, nm (ε, M-1, cm-1)]: 295 (17,000), 324 (15,000), 340 
(12,000), 410 (1600), 441 (2900).  
 4.2.3 Physical Methods  
 All mass spectra were collected using an Agilent 1100 LC/MSD with 
electrospray ionization (ESI) and atmospheric pressure chemical ionization 
(APCI) sources. IR spectra were recorded from neat powders utilizing a Nicolet 
Nexus 670 FT-IR spectrometer with a SMART MIRacle attchment. Elemental 
analyses were performed by Quantitative Technologies Inc. (QTI, Whitehouse, 
NJ 08888). Absorption spectra were collected on a Shimadzu 3600 UV-vis-NIR 
spectrophotometer. All diffuse reflectance spectra were collected using a 
Shimadzu UV3600 UV-vis-NIR spectrophotometer equipped with a Praying 
Mantis™ diffuse reflection accessory purchased from Harrick Scientific Products 
Inc. Prior to measurement, all diffuse reflectance samples were ground to a fine 
powder using an agate mortar and pestle and measured against a densely 
packed, flat surface of finely ground BaSO4. Emission spectra were measured 
using a Jobin Yvon Horiba FluoroMax 3 fluorimeter. 
   4.2.4 X-ray crystallographic studies 
 All data collection and structure solutions were done by the Arnold 
Rheingold group at the University of California San Diego (UCSD). A summary of 
the crystal data collection and refinement parameters for all compounds is given 
in Table 4.1. Selected interatomic distance and angles are given in Table 4.2. All 
data were collected on APEX-CCD-detector equipped Bruker diffractometers. All 
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structures were solved by heavy-atom methods, and the remaining non-hydrogen 
atoms were located from subsequent difference maps. All structures were 
corrected for absorption using semiempirical, multiscan methods. All structures 
were refined with anisotropic thermal parameters for all non-hydrogen atoms; 
hydrogen atoms were treated as idealized contributions. All software is contained 
in various libraries (SHELXTL, SMART, and SAINT) maintained by Bruker AXS, 
Madison, WI.85 
 
4.3. Results and Discussion 
 4.3.1 Syntheses 
 Compound 15 was prepared with a modification to a literature procedure 
(Scheme 4.8).156 Replacement of [Pt(tpy)Cl]Cl with triply recrystallized 
[Pt(tpy)Br]Br and potentially explosive NaClO4 with benign KPF6 lead to an 
increased yield from 75% to a quantitative crude yield. Recrystallization from 
CH3CN and Et2O gave 93.6% crystalline product.  
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Scheme 4.8. Preparation of 15 via modification to literature procedure.156 
  
 Complex 16 was prepared from a metathesis reaction between 15 and 
Bu4N[Au(C6F5)2] in CH3CN as shown in Scheme 4.9. The desired [Pt][Au] double 
salt was separated via precipitation from aqueous KPF6 upon H2O addition. 
Unreacted Bu4N[Au(C6F5)2] was removed with serial CH2Cl2 washes, and red 
crystals of 16 were grown in 83% yield from vapor diffusion of Et2O into DMF.  
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Scheme 4.9.  Metathesis preparation of 16.  
  
 The [Pt][Pt] double salts 17-19 were all prepared via a metathesis reaction 
as shown in Scheme 4.10. Both single salt starting materials were dissolved in 
DMF and combined to form a deep red solution. After stirring for 12 hours, 
acetone was added to the solution and red to orange precipitates of 17-19 were 
collected via vacuum filtration. Recrystallization from DMSO and acetone gave 
crystalline material of the desired [Pt][Pt] double salts, whereas recrystallization 
from DMF and Et2O led to recovery of the starting material, 15. Therefore, DMF 
and Et2O were avoided during purification.  
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Scheme 4.10. Preparation of 17-19 via metathesis.  
  
 4.3.2. Structural Analysis 
 The Pt coordination geometry in the [Pt(tpy)(CCPh]+ cations in all four 
compounds is distorted square-planar and all Pt-Ncis, Pt-Ntrans, and Pt-CCCPh 
distances agree well with previously reported structures (1-4).68, 113-115 The Au 
atom of the [Au(C6F5)2]- moiety in 16 is in a near linear environment with similar 
Au-C distances to those reported for the [Pt][Au] double salts discussed in 
Chapter 3. Likewise, the distorted square-planar geometry in the [Pt(C^N)(CN)2]- 
anion of 18 has Pt-CF2ppy, Pt-NF2ppy, and Pt-CCN distances that agree well with 
those reported for the Bu4N+ salt.153  
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Table 4.1. Summary of X-ray data collection parameters.  
 15 16 18 19 
Formula PtC49N7H41F12O2P2 PtAuC35N3H16F10 Pt2C36H22F2N6 Pt2C37H24N7 
Weight 1440.01 1060.56 966.78 956.81 
Crystal system triclinic monoclinic orthorhombic monoclinic 
Space group P1 P21/n Pbcn P21/n 
Unit cell 
dimensions 
    
a (Å) 13.1966(17) 16.7535(1) 35.492(2) 7.9555(6) 
b (Å) 14.043(2) 7.5118(5) 6.8269(5) 10.7074(8) 
c (Å) 14.635(2) 23.6491(14) 24.1881(16) 34.622(3) 
α (°) 89.604(4) 90 90 90 
β (°) 69.444(4) 96.0760(10) 90 91.0861(5) 
γ (°) 71.091(4) 90 90 90 
V (Å3) 2384.8(6) 2959.5(3) 5860.9(7) 2948.6(4) 
Z, Z’ 2 4 8 4 
ρ (g cm-3) 2.005 2.380 2.191 2.155 
M (Mo Kα) (mm-
1) 
6.024 9.770 9.589 9.520 
T (K) 100(2) 100(2) 100(2) 100(2) 
R (F) (%)a 5.99 3.62 5.21 3.53 
R (wF2) (%)b 14.46 7.58 9.92 7.21 
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Table 4.2. Selected interatomic distances and angles for 15, 16, 18, and 19.  
 
Complex Distance Å Angle (°) 
15 Pt(1)-N(1) 2.031(6) N(1)-Pt(1)-N(3) 161.32(15) 
 Pt(1)-N(2) 1.980(6) N(2)-Pt(1)-C(16) 178.5(3) 
 Pt(1)-N(3) 2.015(6) Pt(1)-C(16)-C(17) 177.0(7) 
 Pt(1)-C(16) 1.982(8) N(4)-Pt(2)-N(6) 161.6(2) 
 C(16)-C(17) 1.187(11) N(5)-Pt(2)-C(39) 179.1(3) 
 Pt(2)-N(4) 2.033(6) Pt(2)-C(39)-C(40) 178.5(7) 
 Pt(2)-N(5) 1.957(6)   
 Pt(2)-N(6) 2.020(6)   
 Pt(2)-C(39) 2.978(7)   
 C(39)-C(40) 1.216(10)   
 Pt(1)…Pt(2) 3.3579(6)   
 Pt(2)…Pt(2) 3.3632(6)   
16 Pt(1)-N(1) 2.022(4) N(1)-Pt(1)-N(3) 161.2(2) 
 Pt(1)-N(2) 1.965(5) N(2)-Pt(1)-C(16) 178.0(2) 
 Pt(1)-N(3) 2.019(4) Pt(1)-C(16)-C(17) 177.9(4) 
 Pt(1)-C(16) 1.991(5) C(24)-Au(1)-C(27) 175.8(5) 
 C(16)-C(17) 1.179(6) C(24)-Au(1)-C(24A) 179.56(3) 
 Au(1)-C(24) 2.101(6) C(30)-Au(2)-C(33) 178.0(4) 
 Au(1)-C(24A) 2.121(5) C(30)-Au(2)-C(30A) 177.97(7) 
 Au(2)-C(30) 2.109(5)   
 Au(2)-C(30A) 2.109(5)   
 Pt(1)…Pt(1) 3.3466(3)   
18 Pt(1)-N(1) 2.030(6) N(1)-Pt(1)-N(3) 161.7(e) 
 Pt(1)-N(2) 1.955(6) N(2)-Pt(1)-C(16) 178.5(3) 
 Pt(1)-N(3) 2.023(7) Pt(1)-C(16)-C(17) 174.8(8) 
 Pt(1)-C(16) 1.970(8) N(4)-Pt(2)-C(36) 174.0(4) 
 C(16)-C(17) 1.200(11) N(5)-Pt(2)-C(35) 178.1(5) 
 Pt(2)-N(4) 2.009(9) Pt(2)-C(35)-N(6) 175.3(9) 
 Pt(2)-C(35) 1.992(11) Pt(2)-C(36)-N(7) 176.7(9) 
 Pt(2)-C(36) 2.013(12)   
 Pt(2)-N(5) 2.047(9)   
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Table 4.2. Selected interatomic distances and angles for 15, 16, 18, and 19. 
Complex Distance Å Angle (°) 
 C(35)-N(6) 1.137(12)   
 C(36)-N(7) 1.151(13)   
 Pt(1)…Pt(1) 3.428   
 C(26)-C(31) 3.387   
 C(26)-C(32) 3.361   
19 Pt(1)-N(1) 2.011(6) N(1)-Pt(1)-N(3) 161.8(2) 
 Pt(1)-N(2) 1.960(6) N(2)-Pt(1)-C(16) 178.7(3) 
 Pt(1)-N(3) 2.016(6) Pt(1)-C(16)-C(17) 176.0(7) 
 Pt(1)-C(16) 1.963(8) N(4)-Pt(2)-C(37) 175.1(3) 
 C(16)-C(17) 1.200(10) C(38)-Pt(2)-C(36) 174.6(3) 
 Pt(2)-N(4) 2.059(6) Pt(2)-C(36)-N(6) 176.5(7) 
 Pt(2)-C(38) 2.031(7) Pt(2)-C(37)-N(7) 178.0(8) 
 Pt(2)-C(36) 2.012(8)   
 C(36)-N(6) 1.144(10)   
 Pt(2)-C(37) 1.954(9)   
 C(37)-N(7) 1.145(10)   
 Pt(1)…Pt(1) 3.667   
 Pt(1)…Pt(1) 4.404   
 C(33)-C(26) 3.300   
 
 The structure of green-yellow 15 is unremarkable and analogous to that 
reported in the literature for the CH3CN solvated form.68 The cations stack in a 
head-to-tail fashion (Figure 4.5), forming a zig-zag (Pt-Pt-Pt = 161.70(1)°) 
extended chain of Pt atoms with Pt…Pt distances of 3.3579(6) and 3.3632(6) Å 
(Figure 4.6). As shown in Figure 4.5, the empty space between the cation chains 
is filled by both solvent (H2O and DMF) and counteranion (-PF6) species.  
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Figure 4.5. ORTEP showing cations of [Pt(tpy)(CCPh)]PF6(H2O)1/2(DMF)1/2, 15, 
with 50% displacement ellipsoids. Counter anions, solvent molecules, and 
hydrogen atoms removed for clarity.  
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Figure 4.6. Zig-zag packing of cations in [Pt(tpy)(CCPh)]PF6(H2O)1/2(DMF)1/2, 
15, with Pt…Pt distances of 3.3632(6) and 3.3579(6) Å and a Pt-Pt-Pt angle of 
161.70(1)°. Hydrogen atoms not shown. 
 
 The asymmetric unit of 16 contains one [Pt(tpy)(CCPh]+ cation and a 
disordered [Au(C6F5)2]- anion (Figure 4.7). The [Au(C6F5)2]- anions are disordered 
such that Au and para-F atoms are partially occupied on two different sites, 
which are designated with orange circles in Figure 4.8. This disorder was treated 
by generating the second half of each [Au(C6F5)2]- anion, the second C6F5 ligand 
coordinated to the Au center (Figure 4.8), and setting the occupancies to 50%. 
This model resulted in a long Au(1)-C(24), Au(1)-C(24A) distances 2.101(6) and 
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2.121(5) and for Au(2)-C(30), Au(2)-C(30A) distances of 2.109(5), 2.109(5) Å 
compared to 2.04-2.05 Au-C values in [Pt(tpy)I][Au(C6F5)2] (see Chapter 3).  
 
 
Figure 4.7. ORTEP of [Pt(tpy)(CCPh)][Au(C6F5)2] (16) with 50% displacement 
ellipsoids. Hydrogen atoms have been removed for clarity.  
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Figure 4.8. Disorder of [Au(C6F5)2]- anions in [Pt(tpy)(CCPh)][Au(C6F5)2], 16.  
 
 Similar to 15, the crystal packing of 16 shows the formation of a cation 
channel supported by pair-wise Pt…Pt contacts (Figure 4.9) insulated by slipped-
head-to-tail anions on either side. As shown in Figure 4.9, the cations form a zig-
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zag pattern with Pt…Pt distances of 3.3466(3) and 4.3703(4) Å and a Pt-Pt-Pt 
angle of 153.28(1)°. These two distances define the alternating short-long pattern 
repeated along the c axis. The anions participate in neither Pt…Au nor Au…Au 
interactions in this structure.  
 
Figure 4.9. Infinite chain of [Pt(tpy)(CCPh)]+ moieties in 
[Pt(tpy)(CCPh)][Au(C6F5)2], 16, with dashed Pt…Pt contacts: (Pt(1A)-Pt(1B)), 
3.3466(3) Å; and (Pt(1B)-Pt(1A)), 4.3703(4) Å. Counter [Au(C6F5)2]- anions and 
hydrogen atoms removed for clarity.  
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 As mentioned above, the cation and anion in 18 are individually 
unexceptional. The asymmetric unit contains a single cation and anion with no 
interactions between them (Figure 4.10). The packing diagram of 18, however, is 
distinct from both 15 and 16 in that a chain of head-to-tail [Pt(tpy)(CCPh)]+ 
cations is formed supported by metallophilic interactions with a single repeating 
distance of 3.4258(5) Å and a Pt-Pt-Pt angle of 170.27(1)° (Figure 4.11). As 
shown in Figure 4.11, the head-to-tail cations are further stabilized by π-π 
interactions between two ortho-carbons of the central, C(10), and one outer 
pyridine ring, C(11), of terpyridine and the two ethynyl carbons of CCPh, C(16) 
and C(17), with the following distances: C(10)-C(17) = 3.30(1), C(17)-C(11) = 
3.36(1), and C(11)-C(16) = 3.34(1) Å. To date, no other [Pt(tpy)(CCPh)]+ channel 
having a single metallophilic Pt…Pt distance has been reported.  
 
Figure 4.10. Unit cell of [Pt(tpy)(CCPh)][Pt(F2ppy)(CN)2], 19.  
 
 
172 
 
 
Figure 4.11. Zig-zag chain of head-to-tail [Pt(tpy)(CCPh)]+ cations in 18 
supported by metallophilic Pt…Pt interactions and π-π interactions. Hydrogen 
atoms not shown.  
 
 As shown in Figure 4.12, the anions also form a channel of head-to-head 
[Pt(F2ppy)(CN)2]- anions with the closest interaction occurring between the Pt 
center and the para-carbon of the pyridine ring of the F2ppy ligand with a Pt(2)-
C(26) distance of 3.51(1) Å. Adjacent channels of head-to-tail anions are 
connected through π-π interactions between one meta-carbon, C(32), and para-
carbon, C(31), of the difluorphenyl ring of the F2ppy ligand and the para-carbon, 
C(26), of the pyridine ring of the F2ppy ligand on the adjacent anion with the 
following distances: C(26)-C(31) = 3.39(2), C(26)-C(32) = 3.36(2) Å. The shortest 
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anionic Pt…Pt distance is 8.35(2) Å, therefore no anionic Pt…Pt contacts are 
formed.  
 
Figure 4.12. Head-to-head chains of [Pt(F2ppy)(CN)2]- anions formed in 
[Pt(tpy)(CCPh)][Pt(F2ppy)(CN)2], 19, and π-π interactions between adjacent 
chains of anions. Hydrogen atoms not shown. 
 
 Changing to the [Pt(bzq)(CN)2]- anion in 19, similar to 18, the asymmetric 
contains a single cation and anion with no interactions formed between the two 
units (Figure 4.13).  
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Figure 4.13. Asymmetric unit of [Pt(tpy)(CCPh)][Pt(bzq)(CN)2], 19.Hydrogen 
atoms not shown. 
 
 Similar to 18, a chain of head-to-tail oriented [Pt(tpy)(CCPh)]+ cations is 
formed in 19.  Unlike 18, however, the cation channel in 19 is formed through 
extensive π-π interactions not only between the terpyridine ligand and the 
ethynyl carbons of the phenylacetylide ligand, but also between the terpyridine 
ligands, as indicated in Figure 4.14 with dashed lines. As a result of the π-π 
interactions between two outer pyridine rings of terpyridine ligands of neighboring 
cations, the Pt atoms of the cations are shifted away from each other and the 
closest interaction to Pt is with an orthro-carbon of the outer pyridine ring of the 
terpyridine ligand that does not participate in any π-π interactions. This shift 
results in zig-zag chain with a Pt-Pt-Pt angle of 160.54(1)° and long Pt-Pt 
distance of 3.6671(4) and 4.4036(5) Å, which is shown in Figure 4.15. Similar π-
π interactions were formed in [Pt(tpy)(CCPh)]SbF6, 4, which also resulted in a 
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long Pt…Pt distances of 3.604(1) and 4.412(1) Å.  
 
Figure 4.14. Head-to-tail packing of [Pt(tpy)(CCPh)]+ cations in 19 stabilized by 
π-π interactions between terpyridine ligands and ethynyl carbons of the 
phenylacetylide ligand and terpyridine ligands. Hydrogen atoms not shown.  
 
176 
 
 
Figure 4.15. Zig-zag chain of [Pt(tpy)(CCPh)]+ cations in 19 with a Pt-Pt-Pt angle 
of 160.54(1)° and two long Pt…Pt distances of 3.6671(4) and 4.4036(5) Å. 
Hydrogen atoms not shown.  
 
 Neighboring [Pt(bzq)(CN)2]- anions in 19 form a single π-π interaction 
between C(26) of the pyridine ring and C(30) of the phenyl ring of the bzq ligands 
(Figure 4.16). Unlike 18, no interactions are formed with between adjacent 
[Pt(bzq)(CN)2]- anions. Similar to 18, no anionic metallophilic interactions are 
present with a long Pt…Pt distance of 7.9555(8) Å. 
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Figure 4.16. [Pt(bzq)(CN)2]- anion stacking in 19. 
 
 In structural summary, four [Pt(tpy)(CCPh)]Y materials have been prepared 
and structurally characterized. Despite using established guidelines to form 
Pt…Au and Pt…Pt interactions in double salt complexes with the novel building 
block combination of [Pt(tpy)(CCPh)]+ and [Pt(C^N)(CN)2]-, no alternating cation-
anion stacking patterns based on metallophilic interactions were observed.  
 In all three double salt complexes, [Pt(tpy)(CCPh)][Au(C6F5)2]-, 16, 
[Pt(tpy)(CCPh)][Pt(F2ppy)(CN)2]-, 18, and [Pt(tpy)(CCPh)][Pt(bzq)(CN)2]-, 19, and 
the one single salt complex, 15, chains of cation moieties formed among head-to-
tail oriented [Pt(tpy)(CCPh)]+ moieties. In all examples except 19, the chain 
formation is supported by at least one metallophilic Pt…Pt interaction. The lack of 
Pt…Pt interactions in 19 is likely due to the presence of π-π interactions between 
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the terpyridine ligands of neighboring cations, which push the Pt atoms to the 
side of each other. These terpyridine π-π interactions are also found in 
[Pt(tpy)(CCPh)]SbF6113, 4, which also has long Pt…Pt distances. The rest of the 
structurally characterized [Pt(tpy)(CCPh)]+ cations, 1, 3-4, 15-16, and 18, 
however, do not contain π-π interactions between neighboring terpyridine 
ligands, which is probably why they are able to and do form Pt…Pt interactions.  
 Complex 15 forms a zig-zag chain with two short Pt…Pt interactions, and 
16 forms pair-wise interactions with alternating short-long Pt…Pt distances, 
similar to [Pt(tpy)(CCPh)]Y complexes 1 and 3-4 (section 4.1.1), whereas 18 
forms an infinite chain of equally spaced cations in the channel. The metallophilic 
cationic Pt…Pt distances for all structurally characterized [Pt(tpy)(CCPh)]+ 
cations are listed in Table 4.3. The Pt…Pt distances range from 3.3466(3) Å in 
16 to 3.4521(8) Å in 4, suggesting some variation in the strength of the metal-
metal interaction. As the counter Y anions do not participate in any interactions 
with the cation channel, the differences in Pt…Pt distances are unlikely to be a 
result of the size of the Y groups. More likely, this variation is probably due to 
differences in π-π interactions between the terpyridine ligand and the ethynyl 
carbons of the CCPh ligand.  
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Table 4.3. Pair-wise cationic Pt…Pt interaction in [Pt(tpy)(CCPh)]Y complexes. 
Complex Pt…Pt (Å) 
[Pt(tpy)(CCPh)]PF6CH3CN68, 1 3.3626(9) 
[Pt(tpy)(CCPh)]ClO4114, 3 3.4143(2) 
[Pt(tpy)(CCPh)]ClO4CH3CN115, 4 3.4521(8) 
[Pt(tpy)(CCPh)]PF6(H2O)1/2(DMF)1/2, 15 3.3579(6), 3.3632(6) 
[Pt(tpy)(CCPh)][Au(C6F5)2], 16 3.3466(3) 
[Pt(tpy)(CCPh)][Pt(F2ppy)(CN)2], 18 3.4258(5) 
  
 This cation chain formation was expected for 15 in which Y is a simple p-
block anion, however, the insensitivity of the [Pt(tpy)(CCPh)]+ moiety to [M]- in 16, 
18, and 19 is surprising. The [Pt(C^N)(CN)2]- anions in 18 and 19 both form π-π 
interactions between C atoms of the C^N ligands. No anionic Pt…Pt interactions 
are observed, suggesting that π-π interactions are favored over Pt…Pt ones for 
[Pt(C^N)(CN)2]- species in this family of double salts.  
 
4.3.3 Electronic absorption spectra (solution and solid-state)  
 The room temperature absorption spectra of complexes 15-19 were 
collected in DMF or DMSO and their solid-state absorptions were also measured. 
The absorption spectra of all K(H2O)[Pt(C^N)] starting materials was also 
measured in DMSO. All spectral data are listed in Table 4.4 with cationic Pt-Pt 
distances. 
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Table 4.4. Solution and solid-state electronic absorption data and Pt-Pt distances 
for 15-19. 
Complex λmax, nm (ε M-1 cm-1) λmax, 
nm 
(solid) 
Pt…Pt 
(Å) 
[Pt(tpy)(CCPh)]PF6(H2O)1/2(DMF)1/2 
15a 
331 (13,300)  
342 (12,000)  
437 (2960) 
598 3.3579(6) 
3.3632(2) 
[Pt(tpy)(CCPh)][Au(C6F5)2] 
16a 
316 (12,300)  
333 (12,400)  
347 (13,900)  
440 (shoulder) (4870) 
509 3.3466(3) 
4.3703(4) 
[Pt(tpy)(CCPh)][Pt(ppy)(CN)2] 
17b 
288 (13,500)  
326 (7000)  
342 (4300)  
381 (2300)  
437 (4700) 
522  
K(H2O)[Pt(ppy)(CN)2]b 286 (13,500) 
324 (6700) 
342 (4400) 
383 (1800) 
  
[Pt(tpy)(CCPh)][Pt(F2ppy)(CN)2] 
18b 
320 (16,800)  
332 (13,300)  
375 (4300)  
437 (4500) 
520 3.4258(5) 
K(H2O)[Pt(F2ppy)(CN)2]b 316 (16,000) 
336 (12,400) 
348 (4300) 
  
[Pt(tpy)(CCPh)][Pt(bzq)(CN)2] 
19b 
295 (17,000)  
324 (15,000)  
340 (12,000)  
410 (1600)  
441 (2900) 
460 3.6671(4) 
4.4036(5) 
K(H2O)[Pt(bzq)(CN)2]b 294 (17,600) 
339 (12,600) 
396 (1500) 
  
a - measured in DMF; b - measured in DMSO 
 
 The electronic absorption spectrum of 15 and [Pt(tpy)Cl]Cl in DMSO are 
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shown in Figure 4.17. Both materials have high energy (> 350 nm) absorption 
features with extinction coefficients of at least 104 M-1 cm-1, which are assigned to 
tpy-based π-π* 1ILCT bands. As expected, 15 has an additional absorption 
feature at 437 nm, assigned to a dz2(Pt)→π*(tpy) 1MLCT, consistent with a 
greater σ-donating ligand CCPh destabilizing the Pt dz2 orbital and decreasing 
the HOMO-LUMO gap.68 This absorption energy agrees with the CH3CN 
solvated form, 1, discussed in section 4.1, which is 432 nm in CH3CN68.  
 
Figure 4.17. Electronic absorption spectra of [Pt(tpy)Cl]Cl (blue) and 15 (red) in 
DMSO.  
  
 For 16-19, the solution spectra of the double salts do not differ from the 
superposed spectra of the Pt-based starting materials. The UV-vis spectra of 
complexes 15, 18, and K(H2O)[Pt(F2ppy)(CN)2 are presented in Figure 4.18 and 
demonstrate that the double salt spectrum is effectively an addition of the cation 
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and anion spectra. Therefore, the observed transitions are localized on the cation 
and anion pieces, and no intermolecular interactions are present at these 
concentrations. The intense bands at energies higher than 300 nm with molar 
absorptivities on the order of 104 M-1 cm-1 are π-π* 1ILCT features. The band at 
268 nm is assigned to an F2ppy 1ILCT, while that at 320 nm is tpy 1ILCT. The 
less intense features with energies lower than 330 nm are difficult to assign to 
discrete transitions as they likely contain mixed states, perhaps 1ILCT and 
1MLCT within a single cation or anion unit and and/or the superposition of these 
transitions from both units. The feature at 332 nm is most likely a mixture of 
1ILCT features from both the tpy and F2ppy ligands as both cation and anion 
materials absorb in this region. The bands at 375 and 437 nm are tentatively 
assigned to cation dz2(Pt)→π*(tpy) MLCT features since the anion is essentially 
non-absorbing in this energy window and the cation, 15, contains 1MLCT bands 
at 342 and 437 nm.  
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Figure 4.18. Electronic absorption spectra of 15 (red), K(H2O)[Pt(F2ppy)(CN)2] 
(blue), and 18 (green) in DMSO.  
 
 Similar to the analysis for 18 above, the absorption of 17 is centered on the 
cation and anion pieces of the double salt. The absorption bands greater than 
300 nm with molar absorptivities on the order of 104 M-1 cm-1 are π-π* 1ILCT 
features. The absorption at 288 nm agrees well with the ppy 1ILCT, and the 
absorption at 342 is likely a combination of both ppy and tpy 1ILCT features due 
to the absorption of both at this energy (Table 4.4). The bands at 381 and 437 
nm are likely cation 1MLCT features since the anion is non-absorbing in this 
region.  
 The absorptions of 19 are also assigned to cation and anion centered 
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transitions based on a comparison of the double salt with the cation and anion 
starting materials. The absorption at 295 nm is assigned to a bzq 1ILCT feature. 
The absorptions at 324 and 340 nm are likely a mixture of bzq 1ILCT and tpy 
1ILCT features as they occur at 339 and 342 nm, respectively. Lastly, the 
absorptions at 410 and 441 nm are assigned to mixtures of cation 
dz2(Pt)→π*(tpy) 1MLCT and anion dz2(Pt)→π*(bzq) 1MLCT features since the 
cation and anion materials absorb at 437 and 396 nm, respectively. 
 The solution and solid-state spectra of 15 are presented in Figure 4.19 and 
show that in the solid-state, a new absorption band at 598 nm, which is assigned 
to a 1MMLCT feature. The solid-state absorption spectra for 16, 17, and 18, also 
have an additional, low energy 1MMLCT absorption at 509, 522, and 520 nm, 
respectively (Table 4.4). Structural characterization showed that metallophilic 
interactions are present between all Pt centers of the [Pt(tpy)(CCPh)]+ channel in 
15 (Pt-Pt = 3.3579(6) and 3.3632(2) Å) and 18 (Pt-Pt = 3.4258(5) Å), whereas 
only pair-wise ones are present in 16 (3.3466(3) and 4.3703(4) Å). Because 17 
has a similar energy 1MMLCT band compared to 18, it is likely that it also has 
similar Pt…Pt interactions in the solid-state, however, this has not been 
confirmed crystallographically. The solid-state absorption for 19 is almost 
identical to that in solution with the lowest energy absorption band at 460 nm, 
which is assigned to a 1MLCT feature (Table 4.4). The absence of a 1MMLCT 
absorption band in 19 is consistent with the lack of any metallophilic Pt…Pt 
interaction (Pt-Pt = 3.6671(4) and 4.4036(5) Å) in the [Pt(tpy)(CCPh)]+ cation 
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channel. 
 
 
Figure 4.19. Solution (red, DMSO) and solid-state (blue) absorption spectra of 
15. 
 
 The lowest energy 1MMLCT or 1MLCT absorption maxima and Pt…Pt 
distances have been plotted for 15-16 and 18-19 in Figure 4.20. For all but 19, 
which has a single Pt…Pt distance, both short and long distances are shown. 
Complex 19 stands out from the other three complexes in lacking both an 
absorption above 500 nm and Pt…Pt distances less than 3.5 Å. Similar to data in 
Figure 2.7 and 3.13, Figure 4.20 suggests that absorption energies lower than ~ 
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500 nm are likely 1MMLCT features. The 520 nm absorption in 18, whose crystal 
structure has not been determined, therefore predicts metallophilic interactions 
between [Pt(tpy)(CCPh)]+ units.  
 This analysis cannot distinguish between pair-wise, zig-zag, and infinite 
interactions as there is no obvious difference among 16, 15, and 18, suggesting 
that extended interactions may not play a role in the energy of the 
dσ*(Pt2)→π*(tpy) 1MMLCT feature. Therefore, the MMLCT may be localized 
between pair-wise [Pt(tpy)(CCPh)]+ cations. However, this theory is 
unsubstantiated and must be investigated using TD-DFT analysis and transient 
spectroscopy to develop a time-resolved picture of the orbitals involved in the 
transition.  
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Figure 4.20. Cationic Pt…Pt distances in 15, 16, 18, and 19 versus lowest 
energy absorption maxima.  
 
4.4 Summary and conclusions 
 Two individual chromophores, a cation and anion, were combined in an 
attempt to form panchromatic double salts. The visible absorbing 
[Pt(tpy)(CCPh)]+ cation was used in the preparation of four [Pt][M] double salts. 
The [M]- units were the UV-absorbing [Au(C6F5)2]-, 16, used in Chapter 3 and 
three [Pt(C^N)(CN)2]- anions (C^N = ppy, 17, F2ppy, 18, and bzq, 19), which 
absorb well in the UV and blue region of the visible spectrum. Another intent in 
the double salt strategy was to form solid-state Pt…Au and Pt…Pt interactions 
giving rise to NIR 1MMLCT absorption bands. However, no cation-anion 
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metallophilic contacts were formed in any of the materials synthesized. In all 
structurally characterized complexes (16, 18, and 19), a channel of 
[Pt(tpy)(CCPh)]+ moieties was formed. In 16 and 18, these channels were 
supported by Pt…Pt interactions and π-π interactions between the terpyridine 
ligand and ethynyl carbons of the phenylacetylide ligand. The lack of Pt…Pt 
interactions in the cation channel of 19 is likely due to π-π interactions between 
terpyridine ligands of neighboring cations, which force the two Pt centers away 
from each other. The persistence of the cation channel formation in this work 
suggests that cation moiety has some self-affinity and prefers to form both π-π 
interactions and metallophilic interactions with itself.   
 The attempts of this work to form double salts composed of alternating 
cation and anion units stabilized by a different set of π-π and Pt…Pt interactions, 
namely tpy-C^N ligand π-π interactions and cation-anion Pt…Pt interactions 
were unsuccessful. In all structures presented here, the cation channel was 
supported by ethynyl carbon-terpyridine π-π interactions, suggesting that this 
interaction is slightly stronger than the Pt…Pt interactions and the terpyridine-
terpyridine π-π interactions of the cation. Therefore, further attempts at disrupting 
the formation of this preferred interaction must be focused towards replacing it 
with something stronger or preventing it. Considering the attempts in this work at 
replacing it with a variety of tpy-C^N ligand π-π interactions were unsuccessful, 
other π-π interactions are unlikely to be favored either. Preventing the ethynyl 
carbon-terpyridine π-π interactions by having a bulkier R group instead of the 
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phenyl ring of the CCR ligand may be a means to disrupting the persistent π-π 
interactions. However, this R group cannot exceed a height of 3.5 Å above or 
below the Pt-terpyridine coordination plane, as Pt…Pt interactions are the 
ultimate goal. Furthermore, a bulky CCR anion may prevent head-to-tail stacking 
due to crowding between terpyridine ligands and favor a head-to-head stacking. 
The commercially available HCCtBu is suggested as the tBu groups are not 
overly bulky and the reagent is compatible with the synthetic method for forming 
[Pt(tpy)(CCR)]Y salts.  
 Electronic absorption spectra of 16-19 all show multiple absorption features 
ranging from 268 nm to 440 nm resulting from 1ILCT and 1MLCT features 
centered on the cation or anion pieces of the double salt. Therefore, using 
multiple chromophores to achieve broad absorption in this region of the 
electromagnetic spectrum was successful. In 16, 17, and 18, an additional 
1MMLCT band near 520 nm is present in the solid-state arising from Pt…Pt 
interactions formed between cation units, making these materials good light 
harvesters from 268-520 nm. Though the strategy used here to form a 
panchromatic, NIR-absorbing double salt was not completely successful, it did 
result in improved absorption in the UV-visible range for the double salt relative 
to the single salt starting materials.  
 The failure of the design strategy lies in the narcissistic behavior of the 
[Pt(tpy)(CCPh)]+ unit and its apparent inability to form metallophilic interactions or 
even alternating cation-anion structural arrangements with any anion counterpart, 
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despite the ability of the anion to do so as demonstrated for [Au(C6F5)2]- in 
Chapter 3 with [Pt(tpy)X]+ in which X =Cl or Br. The [Pt(C^N)(CN2]- anions 
studied here, however, have not been explored with other [Pt(tpy)X]+ cations for 
the formation of [Pt][Pt] double salts supported by Pt…Pt interactions. The 
synthesis and characterization of [Pt(tpy)Cl][Pt(C^N)(CN)2] double salts will be 
described in Chapter 5.  
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Chapter 5. Platinum-platinum double salt complexes from singly charged 
ions 
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5.1 Introduction 
 Predicting and controlling the formation of solid-state Pt…Pt interactions is 
challenging as many weak intermolecular forces, such as π-π stacking, the 
presence of lattice solvent, and hydrogen bonding all impact crystal packing. One 
method of ensuring proximity between Pt atoms is covalent coupling of 
coordination environments. Such linkers should also permit supramolecular 
arrangements in solution, which can give rise to solution MMLCT features. The 
relative separation and mobility of the Pt centers will be restricted by both the 
size and rigidity of the linker used. This strategy was first used in derivatized 
[Pt(tpy)Cl]+ systems by the Bosnich group wherein two terpyridine ligands  were 
connected via their 4’ positions to form [Pt2(µ-R-(tpy)2)Cl2](SbF6)2 (1, Scheme 
5.1).157, 158 The rigid R group was used to form a cleft between co-planar 
[Pt(tpy)Cl]+ moieties that could serve as a receptor site for a third platinum-
containing species capable of forming Pt…Pt interactions with the [Pt(tpy)Cl]+ 
groups. 
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Scheme 5.1. [Pt2(µ-R-tpy2)Cl2](SbF6)2, 1, prepared by Bosnich group.157, 158  
  
 Crystallographic characterization showed that the asymmetric unit of 1 
contained 9 DMF molecules (Figure 5.1) The cleft between the Pt coordination 
planes within the dication unit was determined to be 6.785 Å, a suitable size for 
penetration of a host molecule (Figure 5.1).  
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Figure 5.1. Assymetric unit of [Pt2(µ-R-tpy2)Cl2](SbF6)29DMF (19DMF) with a 
molecular cleft of 6.785 Å between [Pt(tpy)Cl]+ molecular planes.158 
 
 Crystal packing showed that 1 formed mutually intercalating pairs of 
dications with all four platinum terpyridine units stacking together (Figure 5.2). 
The structure was stabilized by π-π interactions between the terpyridine ligands 
with no Pt…Pt interactions present.  The intercalating pairs of dications repeat in 
one direction, which are also stabilized by terpryridine π-π interactions. 
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Figure 5.2. Crystal packing of 1 showing repeating interacalating dications. 
Anions and solvent molecules removed for clarity.158  
 
 Reaction of 1 with an equimolar amount of [Pt(salap)(NH3)] (2, Figure 5.3, 
left) lead to a dramatic color change and a new absorption feature at 500 nm 
attributed to interactions between these two molecules and the formation of a 
host-guest complex, 3, in which the cleft in 1 accommodated 2.157 The formation 
of 3 was confirmed by crystallography (Figure 5.3, right) which showed a trimer 
of Pt atoms and two metallophilic contacts with Pt(1)-Pt(3) and Pt(3)-Pt(2) 
distances of 3.303(1) and 3.262(1) Å.157, 158  
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Figure 5.3. [Pt(salap)(NH3)], 2, and crystal structure of host-guest complex, 3, 
studied by the Bosnich group. Anions, solvent molecules (propionitrile) and 
hydrogen atoms removed for clarity.157 
 
 In 3, the trimer repeats in one direction with a single π-π interaction 
between C(34) and C(31) with a distance of 3.28(2) Å (Figure 5.4). No intertrimer 
metallophilic interactions are observed between trimer units with the shortest 
Pt…Pt distance being 4.287 Å.  
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Figure 5.4. Crystal packing of host-guest complex 3.157 
 
 Using a similar strategy but different geometry and linker, the Yam group 
recently reported a similar host molecule, shown in Scheme 5.2, [Pt2(tBu3tpy)2(µ-
R-X2)](OTf)2, 4, in which the linker bridged the acetylide co-ligands of two 
[Pt(tBu3tpy)(CCR)]+ cations, and not the terpyridine ligands.159 X-ray 
crystallographic analysis confirmed the proposed molecular structure of the 
complex, with the asymmetric unit containing two complex cations (Figure 5.5). 
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Scheme 5.2. Host complex [Pt2(tbu3tpy)2(µ-R-X2)](OTf)2, 4.159 
 
Figure 5.5. Two independent [Pt2(tBu3tpy)2(µ-R-X2)]+ cations in 4. Anions (OTf) 
and solvent molecules (Et2O) not shown for clarity.159  
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 As discussed in Chapter 4, replacing the chloride of the [Pt(tpy)X]+ moiety 
with acetylide destabilizes the Pt dz2 orbital, which shrinks the HOMO-LUMO gap, 
resulting in lower energy visible absorption and room temperature emission.68 
Photophysical characterization of 4 showed an absorption band at 520 nm and 
emission band at 612 nm, both of which were assigned to 1MLCT 
dz2(Pt)→π*(tbu3tpy) features. 
 The hospitality of the host complex was tested with neutral ([Pt(dpp)(CN-
C6H4-4-OCH3)], 5, and [Pt(dpp)(DMSO)], 6), negative [Pt(dpp)(CC-C6H4-4-
OCH3)]-, 7, and [Pt(O^N^O)Cl]- , 8, and positive [Pt(N5C12)Cl]+, 9 Pt complexes 
(Scheme 5.3). Upon mixing either the neutral complexes, 5 or 6, or anionic 
complex, 7, with the host, 4, in CH2Cl2, a deep red solution formed. The 
electronic absorption spectra of the mixtures showed the appearance of a new, 
broad absorption band from 500-650 for 5 and 500-700 for both 6 and 7, which 
were assigned to a 1MMLCT feature. Similarly, each emission spectrum has a 
new band at 772 nm, 725 nm, or 732 nm, respectively that was assigned to a 
3MMLCT feature arising from a host-guest Pt…Pt interaction. Reaction of host 4 
with complexes 8 or 9 only led to a slight increase in the intensity of the MLCT 
features with no new bands observed, suggesting that guests did not form new 
Pt…Pt interactions.  
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Scheme 5.3. Neutral, 5-6, anionic, 7-8, and cationic, 9, Pt guest complexes 
investigated by the Yam group.159  
 
 Using a smaller linking moiety and expanding the number of linked metal 
centers by one, Kajitana et al. prepared the trimer complex [{Pt(bpy)}{(µ-McMT-
N,S){Pt(tpy)}}2](PF6)4, 10, shown in Scheme 5.4 in which McMT-N,S is 5-Me-1, 3, 
4-thiadizole-ΚN3-2-thiolato-ΚS2.160  
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Scheme 5.4. Molecular structure of trimer complex  
[{Pt(bpy)}{(µ-McMT-N,S){Pt(tpy)}}2](PF6)4,10.160 
   
 The molecular structure of 10 was confirmed crystallographically, and a 
unique metallophilic Pt...Pt distance of 3.0392(2) Å between the outer and inner 
Pt atoms was identified (Figure 5.5). As shown in Figure 5.5, expansion of the 
unit cell shows that the tetracations form a channel with π-π interactions between 
C15A of the terpyridine ligand and N2A of the 5-Me-1, 3, 4-thiadizole--ΚN3-2-
thiolato-ΚS2 ligand with a C-N distance of 3.0645(2) Å.160  
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Figure 5.6. Stacking of two tetracationic [{Pt(bpy)}{(µ-McMT-N,S){Pt(tpy)}}2]4+ 
units in 10 showing π-π interactions between C(15A) and N(2A). Acetonitirle 
molecules and (PF6)- anions not shown for clarity.160 
 
 The electronic absorption spectrum in CH3CN showed a new visible 
absorption band at 520 nm assigned to a dσ*(Pt2)→π*(tpy) 1MMLCT feature.160 
DFT calculations confirmed that the HOMO of 10 was the dσ* resulting from the 
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overlap of the Pt dz2 orbitals of the interacting Pt centers and that the LUMO was 
a π* orbital of the terpyridine ligand.160  
Dinuclear half-lantern structures were assembled using two bridging 
ligands that further restrict the movement of the two connected Pt centers. This 
structural motif has been assembled with two cycylometalated [Pt(F2ppy)]+ 
groups and a variety of pyrazolate bridges, [Pt2(F2ppy)2(µ-3R, 5R’-pz)2]161, 162 
(R=R’=H, 11, R=CH3, R’=tBu,12, R=R’=CH3, 13, and R=R’=tBu, 14. The related 
cyclometalating bzq ligand and three-atom bridge, 2-mercaptobenzothiazolate 
(NS), have also been used in [Pt2(bzq)2(µ-NS)2],15,163, and both the ppy and 
F2ppy ligands combined with another three-atom bridge, 2-pyridylthiolate (NS’), 
in [Pt2(C^N)2(µ-NS’)2] C^N = ppy, 16,164, 165 and F2ppy, 17162. The molecular 
structures of 12-17 are presented in Scheme 5.5  
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Scheme 5.5. Molecular structure of half-lantern complexes [Pt2(F2ppy)2(µ-3R, 
5R’-pz)2]161, 162 (R=R’=H, 11, R=CH3, R’=tBu, 12, R=R’=CH3, 13, and R=R’=tBu, 
14, [Pt2(bzq)2(µ-NS)2], 15,163 (NS=2-mercaptobenzothiazolate), and [Pt2(C^N)2(µ-
NS’)2] (NS’= 2-pyridylthiolate, C^N = ppy, 16,164, 165 and F2ppy, 17162). 
 
 All seven complexes were crystallographically characterized and each 
showed an intradimer Pt…Pt contact within the half-lantern structure with the 
following distances: 11-3.3763(7), 12-3.0457(7), 13-3.1914(9), 14-2.8343(6), 15-
2.9101(18), 16-2.849(1), and 17-2.8660(3)Å (Table 5.1). For the [Pt2(F2ppy)2(µ-
3R, 5R’-pz)2] complexes (11-14), the bulkier tBu groups in R and R’ positions 
pushed the Pt centers closer together, resulting in shorter distances for 12 and 
14. Photophysical characterization showed 1MMLCT absorption and 3MMLCT 
emission in solution for 12, 14, 15, 16, and 17. The absorption and emission 
energies for 14 were lower than 12, consistent with a shorter M-M distance for 
14. Complexes 11 and 13 only showed MLCT features in solution. The Pt…Pt 
distances as well as solution absorption and emission maxima are summarized 
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in Table 5.1.  
 
Table 5.1. Pt…Pt distances and solution photophysical data for complexes 11-
17. 
Complex Pt-Pt (Å) λabs (nm) λem (nm) 
11 3.3763(7) 400 466 
12 3.0457(7) 470 546 
13 3.1914(9) 410 476 
14 2.8343(6) 490 630 
15 2.9101(18) 487 680 
16 2.849(1)  656 
17 2.8660(3) 490 610 
  
 Based on the lessons learned from extensive synthetic experience55, 78 with 
[Pt(tpy)X]+ ions in double salts that have been developed earlier in this thesis, a 
new family of double salts were investigated with the same guidelines for 
metallophilic interactions (see Chapter 3), but avoiding the strong self-
associations of the [Pt(tpy)(CCPh)]+ cations (Chapter 4). These double salts were 
prepared with the same panchromatic intentions presented Chapter 4, in which 
two ionic chromophores were combined to form a panchromatic double salt.  The 
spectroscopy in this thesis and the literature on 1MMLCT Pt…Pt absorptions 
were used to guide solution investigations. 
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 Using soluble, singly charged building blocks to construct [Pt]+[Pt]- double 
salt materials with unsupported Pt…Pt interactions, the three 
[Pt(tpy)Cl][Pt(C^N)(CN)2] (C^N = ppy, 18, F2ppy, 19, and bzq, 20) double salts 
shown in Scheme 5.6 were prepared.  Distinct from other metallophilic double 
salt complexes, these [Pt]+[Pt]- materials are deep purple both in the solid state 
and in solution, suggesting cation-anion association and concomitant Pt…Pt 
interaction in both circumstances. This claim is substantiated with solution and 
solid state absorption spectra, solution fluorescence spectra, solution 
conductivity, and dynamic light scattering (DLS) measurements.  Despite great 
effort using myriad recrystallization techniques, no single crystals suitable for 
single crystal X-ray diffraction have been obtained. In the absence of structural 
information, the proposed “K[Pt(C^N)(CN)2][Zn(tpy)Cl2]” (A-C) and 
[Pd(tpy)Cl][Pt(C^N)(CN)2] (D-E, 21) materials were investigated to address the 
possibility of terpyridine and C^N ligand based π-π interactions as the cause of 
this purple color. The five coordinate [Zn(tpy)Cl2] complex is too sterically bulky to 
allow for close M…M interactions with [Pt(C^N)(CN)2]- but could allow 
intermolecular ligand-ligand interactions. This neutral Zn complex also removes 
electrostatic attraction as a driving force for assembly. The [Pd][Pt] complex 
replaces one Pt center with a Pd center, which is less likely to form metal-metal 
interactions due to the relativisitic effect, which results in a smaller energy gap 
between the 5dz2 and 6pz orbitals for Pt.166, 167 
 
207 
 
 
Scheme 5.6. [Pt(tpy)Cl][Pt(C^N)(CN)2] double salts (C^N = ppy, 18, F2ppy, 19, 
and bzq, 20). 
 
5.2. Experimental 
 5.2.1 General considerations 
 All spectral grade solvents were used without further purification. The 
following materials were prepared according to literature procedures: 
[Pt(tpy)Cl]Cl79, K(H2O)[Pt(ppy)(CN)2]152, K(H2O)[Pt(F2ppy)(CN)2]153,  
K(H2O)[Pt(bzq)(CN)2]152, [Zn(tpy)Cl2]168 and [Pd(tpy)Cl]Cl.169 
 5.2.2 Syntheses 
[Pt(tpy)Cl][Pt(ppy)(CN)2], 18. A metathesis reaction between 
[Pt(tpy)Cl]Cl2H2O (0.135 mmol, 73.3 mg) in approximately 2 mL H2O and 
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K(H2O)[Pt(ppy)(CN)2] (0.135 mmol, 62.1 mg) in approximately 3 mL DMSO 
afforded a purple solution upon mixing. The mixture was stirred overnight before 
a purple solid was precipitated with the addition of ~ 15 mL acetone. The purple 
solid was recrystallized from DMSO and acetone in 85% yield (106.8 mg). Anal. 
Calc. ([Pt(tpy)Cl][Pt(ppy)(CN)2]3.5H2O) C: 36.23 H: 2.82 N: 9.05 Found. C: 
36.02 H: 2.57 N: 8.78 %. ESI-MS: m/z (%) 464 (100) [M+]. UV-vis (DMSO) [λmax, 
nm (ε, M-1, cm-1)]: 318 (16,200), 333 (13,700), 342 (12,600), 373 (4600), 396 
(2100), 505 (367).  
[Pt(tpy)Cl][Pt(F2ppy)(CN)2], 19. A metathesis reaction between 
[Pt(tpy)Cl]PF6 (0.072 mmol, 43.8 mg) in approximately 4 mL DMF and 
K(H2O)[Pt(F2ppy)(CN)2] (0.072 mmol, 36.3 mg) in approximately 3 mL CH3CN 
afforded a purple solution upon mixing. The mixture was stirred overnight before 
a purple solid was precipitated with the addition of ~ 15 mL acetone. The purple 
solid was recrystallized from DMSO and acetone in 66% yield (44.1 mg). Anal. 
Calc. ([Pt(tpy)Cl][Pt(ppy)(CN)2]1.5H2O) C: 36.23 H: 2.17 N: 9.05 Found. C: 
36.20 H: 2.20 N: 9.15 %. ESI-MS: m/z (%) 464 (100) [M+]. UV-vis (DMSO) [λmax, 
nm (ε, M-1, cm-1)]: 273 (29700), 331 (14,400), 340 (11,400), 377 (3900), 510 
(367). 
[Pt(tpy)Cl][Pt(bzq)(CN)2], 20. A metathesis reaction between 
[Pt(tpy)Cl]Cl2H2O (0.112 mmol, 60.0 mg) in approximately 3 mL H2O and 
K(H2O)[Pt(ppy)(CN)2] (0.112 mmol, 54.0 mg) in approximately 5 mL DMSO 
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afforded a purple solution upon mixing. The mixture was stirred overnight before 
a purple solid was precipitated with the addition of ~ 15 mL acetone. The purple 
solid was recrystallized from DMSO and acetone in 76% yield (81.5 mg). Anal. 
Calc. ([Pt(tpy)Cl][Pt(ppy)(CN)2]3.5H2O) C: 37.84 H: 2.75 N: 8.83 Found. C: 
37.80 H: 2.59 N: 8.76 %. ESI-MS: m/z (%) 464 (100) [M+]. UV-vis (DMSO) [λmax, 
nm (ε, M-1, cm-1)]: 283 (24,500), 305 (18900), 330 (15,000), 353 (9900), 519 
(930). 
Mixture of K[Pt(ppy)(CN)2] and [Zn(tpy)Cl2], A. UV-vis solutions were 
prepared from a stock solution of 2.4 mM [Pt]- and [Zn]: solution from dissolution 
of 0.012 mmol of [Zn(tpy)Cl2] (4.3 mg) and 0.012 mmol of K(H2O)[Pt(ppy)(CN)2] 
(5.6 mg) in a 5 mL volumetric flask. UV-vis (DMSO) [λmax, nm (ε, M-1, cm-1)]: 273 
(39,000), 306 (23,500), 323 (20,300), 438 (50), 466 (50). 
Mixture of K[Pt(F2ppy)(CN)2] and [Zn(tpy)Cl2], B. UV-vis solutions were 
prepared from a stock solution of 2.4 mM in [Pt]- and  [Zn]: solution from 
dissolution of 0.012 mmol of [Zn(tpy)Cl2] (4.4 mg) and 0.012 mmol of 
K(H2O)[Pt(F2ppy)(CN)2] (6.1 mg) in a 5 mL volumetric flask. UV-vis (DMSO) 
[λmax, nm (ε, M-1, cm-1)]: 270 (30,000), 306 (23,500), 333 (20,300), 438 (50), 466 
(50). 
Mixture of K[Pt(bzq)(CN)2] and [Zn(tpy)Cl2], C. UV-vis solutions were 
prepared from a stock solution of 1.58 mM in [Pt]- and  [Zn]: solution from 
dissolution of 0.0079 mmol of [Zn(tpy)Cl2] (2.8 mg) and 0.0079 mmol of 
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K(H2O)[Pt(bzq)(CN)2] (3.5 mg) in a 5 mL volumetric flask. UV-vis (DMSO) [λmax, 
nm (ε, M-1, cm-1)]: 279 (21,200), 297 (33,100), 333 (21,200), 399 (1900), 457 
(80). 
Mixture of [Pd(tpy)Cl]Cl and K(H2O)[Pt(ppy)(CN)2], D. UV-vis solutions 
were prepared from a stock solution of 2.4 mM in [Pd]+ and [Pt]-: solution from 
dissolution of 0.012 mmol of [Pd(tpy)Cl2]3H2O (5.6 mg) and 0.012 mmol of 
K(H2O)[Pt(ppy)(CN)2] (5.6 mg) in a 5 mL volumetric flask. UV-vis (DMSO) [λmax, 
nm (ε, M-1, cm-1)]: 275 (39,800), 315 (17,500), 336 (15,300), 356 (12,400), 472 
(60), 520 (50). 
Mixture of [Pd(tpy)Cl]Cl and K(H2O)[Pt(F2ppy)(CN)2], E. UV-vis solutions 
were prepared from a stock solution of 2.4 mM in [Pd]+ and [Pt]-: solution from 
dissolution of 0.012 mmol of [Pd(tpy)Cl2]3H2O (5.4 mg) and 0.012 mmol of 
K(H2O)[Pt(F2ppy)(CN)2] (5.7 mg) in a 5 mL volumetric flask. UV-vis (DMSO) 
[λmax, nm (ε, M-1, cm-1)]: 268 (36,400), 321 (19,200), 330 (16,200), 351 (13700), 
365 (1000), 453 (60), 521 (50). 
[Pd(tpy)Cl][Pt(bzq)(CN)2], 21. A metathesis reaction between 
[Pd(tpy)Cl]Cl3H2O (0.125 mmol, 58.3 mg) in approximately 5 mL warm H2O and 
K(H2O)[Pt(bzq)(CN)2] (0.125 mmol, 60.9 mg) in approximately 5 mL DMSO 
afforded a bright orange solution upon mixing. The mixture was stirred overnight 
before an orange solid was precipitated with the addition of ~ 15 mL acetone. 
The orange solid was recrystallized from DMSO and acetone in 74% yield (73.6 
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mg). Anal. Calc. ([Pd(tpy)Cl][Pt(ppy)(CN)2]4.5H2O) C: 40.87 H: 3.20 N: 9.53 
Found. C: 40.79 H: 2.46 N: 9.79 %. UV-vis (DMSO) [λmax, nm (ε, M-1, cm-1)]: 276 
(29,100), 322 (15,000), 341 (10,000), 358 (7600), 397 (3200), 470 (60), 520 (50). 
 5.2.3 Physical Methods 
 IR spectra were recorded from neat powders utilizing a Nicolet Nexus 670 
FT-IR spectrometer with a SMART MIRacle attachment. Elemental analyses 
were formed by Atlantic Microlab, Inc. (Norcross, GA 30071). 
 Absorption spectra were collected on a Shimadzu 3600 UV-vis-NIR 
spectrophotometer. All diffuse reflectance spectra were collected using a 
Shimadzu UV3600 UV-vis-NIR spectrophotometer equipped with a Praying 
Mantis™ diffuse reflection accessory purchased from Harrick Scientific Products 
Inc. Prior to measurement, all samples were ground to a fine powder using an 
agate mortar and pestle and measured against a densely packed, flat surface of 
finely ground BaSO4. Emission spectra were measured using a Jobin Yvon 
Horiba FluoroMax 3 fluorimeter. Solution conductivity measurements were 
performed at room temperature using a Fischer Scientific Traceable Portable 
Conductivity Meter (model number 09-326-2). All materials were triply 
recrystallized before dissolution, and all data were corrected for the specific 
conductivity of the solvent by subtracting the specific conductivity of the neat 
solvent from the specific conductivity of the analyte solution (Example: 18: [11.4 
µS/cm – 1.9 µS/cm (DMSO) = 9.5 µS/cm]). Molar conductivities (ΛM, Scm2/mol) 
were determined by dividing the specific conductivity (L, S/cm) by the 
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concentration (M).  
 Dynamic light scattering measurements were performed using a 
Brookhaven Instruments Corp. 90Plus Nanoparticle Size Analyzer equipped with 
a 657 nm laser. The collection times for the autocorrelation function were 30 s at 
a 90° scattering angle. The Stokes-Einstein equation was used to obtain the 
hydrodynamic radius, RH, from the relaxation curves of decay time. All 
measurements were done in triplicate and averaged.  
 
5.3 Results and Discussion  
 5.3.1 Syntheses 
 The three [Pt][Pt] double salts, 18-20, were prepared from a metathesis 
reaction in a 1:1 stoichiometry between [Pt(tpy)Cl]Y and K(H2O)[Pt(C^N)(CN)2] 
(Scheme 5.7) in a mixture of DMSO and H2O for 18 and 20 and DMF and CH3CN 
for 19. The purple solids were precipitated by the addition of acetone and 
recrystallized in approximately 70% yield from DMSO and acetone. Positive scan 
ESI-MS in H2O shows only the [Pt(tpy)Cl]+ isotopic distribution for 18-20, 
therefore it is unlikely that water replaces the coordinating Cl ion in solution. 
Similarly, ESI-MS spiked with a few drops of DMSO only shows the isotopic 
distribution for [Pt(tpy)Cl]+. 
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Scheme 5.7. Metathesis reactions used to prepare [Pt][Pt] double salts 18-20. 
 
 Equimolar amounts of triply recrystallized K[Pt(C^N)(CN)2] and [Zn(tpy)Cl2] 
solids were combined in DMSO and spectra measured.  Spectroscopic 
measurements were performed similarly on equimolar amounts of triply 
recrystallized [Pd(tpy)Cl]Cl and K(H2O)[Pt(C^N)(CN)2] salts in DMSO. 
 [Pd(tpy)Cl][Pt(bzq)(CN)2], 21, was prepared using the same metathesis 
route shown in Scheme 5.7 for [Pt(tpy)Cl][Pt(bzq)(CN)2] (20). The orange solid 
(20b) was precipitated with the addition of acetone and recrystallized from DMSO 
and acetone to give 21 in 74% yield. 
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5.3.2 Solution and solid-state electronic absorption spectra  
Table 5.2. Electronic absorption data for 18-20. 
Complex  Medium Absorption  
  λmax/nm (εmax/M-1cm-1) 
18 MeOH 281 (15,400) 
336 (8000) 
350 (5000) 
376 (4000) 
408 (2000) 
536 (1100) 
 H2O a 
 DMSO 510 (367) 
 Solid 545 
19 MeOH 262 (16,800) 
336 (5500) 
369 (4700) 
529 (1900) 
 H2O 535 (1950) 
 DMSO 505 (1250) 
 Solid 522 
20 MeOH 267 (17,6000) 
295 (12,800) 
324 (8800) 
367(5000) 
563 (2500) 
 H2O 566 (4400) 
 DMSO 519 (930) 
 Solid 598 
a – unable to measure at room temperature due to limited solubility  
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 A summary of solution and solid-state absorption data for 18-20 is 
summarized in Table 5.2. Double salts 18-20 are soluble in both protic solvents 
(H2O and MeOH) as purple solutions and DMSO as red/orange solutions. 
Solution spectra of all three complexes in all these solvents reveal a new visible 
absorption feature centered near 500 nm. The electronic absorption spectra of 
[Pt(tpy)Cl]Cl, K(H2O)[Pt(bzq)(CN)2], and 20 in MeOH are presented in Figure 5.7 
and show that 20 absorbs broadly from 250 nm to approximately 370 nm as a 
result the combined absorption of the cation and anion materials. Four absorption 
maxima are identified at 267, 395, 324, and 367 nm. Discrete assignments of 
these features cannot be made as they are likely a combination of the both cation 
and anion centered π→π* 1ILCT and dz2(Pt)→π* 1MLCT transitions. A TD-DFT 
analysis is needed to confidently assign these absorption features.  
 Similarly, both 18 and 19 show broad absorption from approximately 260 
nm to 400 nm with maxima at 281, 336, 350, 376, and 408 nm for 18 and 262, 
336, and 369 nm for 19 (Table 5.2). Definitive assignments for these transitions 
cannot be made as the broad absorptions overlap with both cation and anion 
centered π→π* 1ILCT and dz2(Pt)→π* 1MLCT transitions. As with 20, a TD-DFT 
analysis would be needed to assign these features with some level of 
confidence. 
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Figure 5.7. Electronic absorption spectra of [Pt(tpy)Cl]Cl (blue), 
K(H2O)[Pt(bzq)(CN)2] (red), and 20 (green) in MeOH.  
  
 The inset of Figure 5.7 demonstrates that only 20 absorbs in the visible 
region above ~ 420 nm. This broad absorption feature spans from approximately 
480-650 nm and has a maximum at 563 nm. As this feature is absent in both the 
cation and anion-containing materials, it is tentatively assigned to a 
dσ*(Pt2)→π*(ligand) 1MMLCT arising from a Pt…Pt interaction in solution 
between the cation and anion components. The broad shape and low energy of 
the absorption is consistent with 1MMLCT absorption.114, 152  
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 The electronic absorption spectra of all three [Pt][Pt] double salts in MeOH 
are presented in Figure 5.8 and show that the 1MMLCT band energy decreases 
in the following order: 20 < 18 <19, which is not solvent dependent (Table 5.2). 
The energy dependence on C^N ligand suggests that the LUMO has significant 
π*(C^N) character, and is likely a dσ*(Pt2)→π*(C^N) 1MMLCT feature. The 
energy and intensity of the 1MMLCT band are solvent dependent (Table 5.2), 
suggesting subtle changes in the cation-anion association that perturb the Pt…Pt 
interactions, as will be discussed in more detail below.  
 
   
 
Figure 5.8. Electronic absorption spectra of complexes 18 (red), 19 (green), and 
20 (blue) in MeOH. 
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 In the absence of structural characterization to confirm solid-state Pt…Pt 
interactions and the 1MMLCT absorption assignment, two complimentary 
experiments were designed to eliminate the possibility of excimeric π-π* LLCT 
absorption arising from a interaction between the tpy and C^N ligands. Mixtures 
of K[Pt(C^N)(CN)2] and [Zn(tpy)Cl2] (C^N = ppy, A, F2ppy, B, and bzq, C) were 
investigated using UV-vis spectroscopy at the same concentrations as 18-20. 
The [Zn(tpy)Cl2] complex is a trigonal bipyramid and cannot form any close 
Zn…Pt interactions, however, planar stacking between the tpy and C^N ligands 
can still occur.168 UV-vis spectra of the three mixtures in DMSO, Figure 5.9, show 
no features above 480 nm. Thus, it is likely that the visible absorption band is 
due to a 1MMLCT feature arising from a Pt…Pt interaction and not a LLCT 
feature arising from an excimeric π-π* interaction between the tpy and C^N 
ligand.  
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Figure 5.9. Electronic absorption spectra of mixtures A (purple), B (brown), and 
C (orange) in DMSO.  
 
 One Pd-analogues, 21, and two mixtures of [Pd(tpy)Cl]+ and [Pt(C^N)(CN)2]- 
mixtures (C^N = ppy, D and F2ppy, E) were also investigated to eliminate the 
possibility of an excimeric π-π* visible absorption in the [Pt][Pt] double salts 18-
20. Though Pd metallophilic interactions are much less common than Pt ones, 
Pd centers are able to form them.157, 158, 170, 171 The [Pd(tpy)Cl]+ moiety is very 
similar to [Pt(tpy)Cl]+ and therefore both π-π interactions and Pd…Pt interactions 
could occur between square-planar [Pd(tpy)Cl]+ and [Pt(C^N)(CN)]- species. The 
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electronic absorption spectra for the three [Pd][Pt] combinations in DMSO are 
presented in Figure 5.10. As shown in the inset of the figure, unlike the [Pt][Pt] 
complexes (Figure 5.8), the [Pd][Pt] double salts do not absorb significantly in the 
region of 500 nm. Therefore, the visible absorption in the [Pt][Pt] complex must 
have some metal-based, interionic character and is unlikely to be an excimeric π-
π* feature. Both the K[Pt] with [Zn] and [Pd]+ with [Pt]- controls support the 
solution 1MMLCT assignment for 18-20. 
 
 
Figure 5.10. Electronic absorption spectra of mixture D (purple), E (brown), and 
21 (orange) in DMSO. 
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 The solid-state 1MMLCT absorption bands for 18-20 are very broad, 
spanning at least 100 nm, with maxima that are red-shifted by ~ 10 nm relative to 
their respective solution features of 545, 522, and 598, respectively (Table 5.2). 
The solution (MeOH) and solid-state spectra of 20 are shown in Figure 5.11 and 
demonstrate this point. Similar to the solution measurements, the solid-state 
1MMLCT band energy decreases in the following order: 20 < 18 <19. The 
similarity between solid-state and solution absorption energies further suggests 
that a 1MMLCT is present in solution. 
 
 
Figure 5.11. Solution (blue, MeOH) and solid-state (red) absorption spectra of 
20. 
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 5.3.3. Solution emission spectra  
 All three [Pt][Pt] double salts, 18-20, are emissive at room temperature in 
MeOH upon excitation at 519 nm and red-emitters with maxima at 721, 716, and 
728, respectively (Figure 5.12) at both 0.72 mM and 0.14 mM. This red emission 
is absent in the cation- and anion-containing starting materials under the same 
conditions and is assigned to a 3MMLCT dσ*(Pt2)→π*(C^N) feature.55, 152 The 
emission energy follows the same energy trend as the absorption energy (20 < 
18 <19).  To date, the double salts 18-20 are the only compounds with two 
different metal ions to show MMLCT features in the absence of bridging ligands 
between Pt centers.  
 
Figure 5.12. Emission spectra of 18 (red), 19 (green), and 20 (blue) in MeOH at 
room temperature. 
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 5.3.4. Solution Conductivity 
 The degree of [Pt][Pt] ion pairing was probed with solution conductivity in 
both DMSO and MeOH. If the double salt dissociates completely in solution, 1:1 
electrolyte conductivity will be observed, whereas if there is some ion pairing, 
reduced conductivity will be observed. The molar conductivities at infinite dilution 
for 18-20, Bu4NPF6 (TBAP), [Pt(tpy)Cl]Cl ([Pt]+), and ferrocene were extrapolated 
from the plot of the molar conductivity (Λ, Scm2/mol) versus c1/2 in DMSO (Figure 
5.13). The molar conductivities for 18-20 (21.8, 21.9, and 23.9 Scm2/mol, 
respectively) are all reduced relative to Bu4NPF6 (34.1 Scm2/mol) and the 
[Pt(tpy)Cl]Cl starting material ([Pt]+, 37.6 Scm2/mol). However, 18-20 do 
dissociate to some degree as determined from a comparison with ferrocene, 
whose molar conductivity is 2.6 Scm2/mol. Despite having lower molar 
conductivities than Bu4NPF and [Pt(tpy)Cl]Cl, those for 18-20 are within the lower 
end of published values for 1:1 electrolytes in DMSO.172, 173  
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Figure 5.13. Molar conductivity versus c1/2 for 18 (blue), 19 (red), 20 (green), 
Bu4NPF6 (TBAP, purple), [Pt(tpy)Cl]Cl ([Pt]+, orange), and ferrocene (blue) in 
DMSO. Equations are the best linear fit for each data set.  
 
 The molar conductivities at infinite dilution for 20, Bu4NPF6 (TBAP), 
[Pt(tpy)Cl]Cl ([Pt]+), K(H2O)[Pt(bzq)(CN)2] ([Pt]-), and ferrocene were also 
determined in MeOH (Figure 5.14). Again, lower molar conductivity for 20 (56.0 
Scm2/mol) relative to Bu4NPF6, [Pt(tpy)Cl]Cl, and K(H2O)([Pt(bzq)(CN)2] (117, 
104, and 114 Scm2/mol, respectively) is observed. However, the molar 
conductivity in MeOH for 20 is much lower than that of Bu4NPF6 in DMSO.  This 
larger degree of association in MeOH versus DMSO is consistent with the 
spectroscopic findings of a larger extinction coefficient in MeOH, which indicates 
more absorption per mole of material (Table 5.3).  Though the [Pt]+[Pt]- pair does 
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not dissociate fully, it acts as a weak electrolyte with some intermediate degree 
of association as determined from a comparison with ferrocene, whose molar 
conductivity is 2.4 Scm2/mol. Molar conductivities around 50 Scm2/mol also fall in 
the published range of weak electrolytes.174 
 
 
Figure 5.14. Molar conductivity versus concentration for 20 (red), Bu4NPF6 
(TBAP, purple), [Pt(tpy)Cl]Cl ([Pt]+, green), K(H2O)][Pt(bzq)(CN)2] ([Pt]-, black) 
and ferrocene (blue) in MeOH. 
 
 5.3.5. Dynamic light scattering (DLS) 
 Both solution spectra and molar conductivity data for 18-20 support greater 
[Pt]+[Pt]- ion pairing in MeOH versus DMSO. To probe the size of aggregate 
formation in solution, dynamic light scattering (DLS) measurements were made 
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at varying double salt concentrations. Complexes 18 and 19 and their [Pt]+ and 
[Pt]- components showed multiple scatterers at all concentrations investigated 
(0.0005 mM – 5 mM). Complex 20, however, showed solution aggregation at 
concentrations of 1.2, 0.9, and 0.72 mM with hydrodynamic radii (RH) ranging 
from approximately 370 nm to 470 nm (Figure 5.15).  
 
Figure 5.15. Hydrodyanimc radius, RH, of 20 in MeOH at 1.2 mM (green), 0.9 
mM (blue), and 0.72 mM (red). 
 
 It is important to note that this analysis assumes a solvated sphere and that 
the aggregate is freely tumbling in solution. Therefore, RH cannot be correlated 
with the shape or size of the double salt in solution. The ratio of the gyration 
radius, RG, to RH, however, can be used to determine if the aggregate is rod 
shaped.166 RG can be obtained from static light scattering (SLS) measurements. 
Determination of the shape of the aggregate will aid in proposing its molecular 
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structure in solution. A rod shape would be consistent with the formation of the 
desired chain of alternating cations and anions. A recent collaboration was 
formed with Rama Bansil in the Physics Department of Boston University to 
collect SLS data and determine RG. This collaboration is ongoing and is a priority 
in further analyzing the shape of the aggregates in solution.  
 
 5.3.6. Aggregation studies 
 Prior to precipitation of 18-20 from solution upon addition of acetone, slight 
solution color changes are observed, indicating a change in the Pt…Pt 
interactions that are responsible for the MMLCT feature. These changes were 
monitored for 19, which persisted in solution longer than 18 or 20 before 
precipitating, in H2O with incremental additions of acetone using UV-vis 
spectroscopy (Figure 5.16). Upon addition of 60% acetone, the 1MMLCT band 
blue-shifts from 557 nm to 549 nm. Further addition of acetone to the mixture 
results in a red-shift to 573 nm at 83% acetone and to 577 nm with 88% acetone.  
The dark violet mixture containing 88% acetone is stable at room temperature for 
approximately 2 hours before precipitation of a dark purple solid is observed. The 
change in the 1MMLCT band energy may be due to a reorganization of the 
solvent cage that encapsulates the aggregate, a greater degree of association of 
the [Pt]+ and [Pt]- moieties, or asymmetric growth of the aggregate.  
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Figure 5.16. Electronic absorption spectra of complex 19 (blue) in H2O upon 
addition of 60% (green), 83% (red) and 88% (black) of acetone.  
 
 The emission properties of 19 in the H2O/acetone mixture were also 
measured. In pure water (1.1 mM) and 85% (0.37 mM) acetone, the emission 
band maxima occurs at 724 nm upon excitation at 519 nm. The 85% acetone 
mixture, however, gives a more intense emission (Figure 5.17). The increased 
3MMLCT emission intensity suggests that more [Pt]+…[Pt]- pairs are contributing 
to the observed emission. Therefore, the combination of the electronic absorption 
and fluorescence spectra of a water/acetone mixture for 19 indicates that 
addition of acetone leads to aggregation of [Pt]+ and [Pt]- pieces.  
 
229 
 
 
Figure 5.17. Emission spectra of complex 19 in H2O with 0% (blue) and 85% 
(red) acetone. 
 
 The shape of this aggregate is not currently understood. Furthermore, 
whether this increased emission intensity is due growth of an existing aggregate 
or formation of new aggregates in solution remains unclear. As discussed above, 
the RG/RH ratio can be used to determine a rod structure. Once collected, if the 
data show a rod-structure, assuming the double salts form chains of alternating 
cations and anions, the length of the rod can be estimated by approximating the 
distance between two Pt centers to be 3.5 Å, which is the maximum separation of 
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two interacting Pt centers.54, 102 By determining the RG/RH ratios of the 
H2O/acetone mixtures that give rise to the observed increased emission intensity, 
rod lengths can be estimated to determine if the intensity is due to rod length or 
growth of new rods.  
 
5.4 Summary and Conclusions 
 In summary, three [Pt][Pt] double salts of the type [Pt(tpy)Cl][Pt(C^N)(CN)2] 
in which C^N is ppy, 18, F2ppy, 19, and bzq, 20 were prepared. All three 
complexes are dark purple solids that readily dissolve in both protic and polar 
organic solvents to give dark purple and red/orange solutions, respectively. 
Solution electronic and fluorescence spectra reveal a new visible feature near 
500 nm and emission feature near 720 nm that are assigned to solution 
dσ*(Pt2)→π*(C^N) MMLCT features, demonstrating a [Pt]+…[Pt]- association in 
solution. Solution conductivity also supports ion pairing in DMSO and a larger 
extent of association in MeOH, which is consistent with a more intense 
absorption in MeOH versus DMSO. Solution stable [Pt][Pt] aggregates of 20 in 
MeOH were also observed using DLS. Finally, addition of a precipitating solvent, 
acetone, leads to changes in visible absorption energy and more intense 
emission in studies of 19. Therefore, acetone addition induces aggregation prior 
to precipitation from solution. 
 Questions that remain concern the shape of the aggregate in solution and 
whether addition of acetone leads to growth of an existing aggregate or formation 
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of new ones. This question can be addressed by obtaining the RH and RG of the 
neat solutions and mixtures using DLS and SLS, respectively, to determine the 
RG/RH ratio. Further investigation of [Pt][Pt] double salts 18-20 should be focused 
on this analysis.  
 The solution observed MMLCT features for 18-20 are the first between two 
different species without the use of bridging ligands. As they are not linked 
through covalent bonds, they are free to dissociate in solution. Despite this 
potential freedom, solution dσ*→π*(C^N) MMLCT absorption and emission 
features are observed. As this absorption is broad and extends to nearly 700 nm, 
all three [Pt][Pt] double salts are panchromatic in solution and absorb from 200-
700 nm in MeOH, demonstrating the success of forming a panchromatic double 
salt by combining ionic chromophores.  
 Future syntheses of other [Pt(tpy)X][Pt(C^N)(CN)2] double salt derivatives 
should be directed towards tuning the MMLCT absorption and emission features 
by changing the electronic character of the Pt center of the [Pt(tpy)X]+ moiety by 
substituting X as demonstrated in the energy level diagram presented in Scheme 
5.8. Substitution of X with electron-donating groups should destabilize the Pt-dz2 
orbital of the [Pt]+ species and lead to a higher energy dσ* molecular orbital and 
a lower MMLCT energy (Scheme 5.8, blue), while substitution of X by electron-
withdrawing groups should stabilize the Pt-dz2 orbital of the [Pt]+ species and lead 
to a lower energy dσ* molecular orbital and a higher MMLCT energy (Scheme 
5.8, red).  
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Scheme 5.8. Energy level diagram showing MMLCT energy tuning for 
[Pt(tpy)Cl][Pt(C^N)(CN)2] double salts (left) by substituting Cl for an electron-
donating X group (right, red) or an electron-withdrawing X group (right, blue).  
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